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Preface

Leukemias are a heterogeneous group of clonal diseases of different cell lineages that originate
from a cell of the hematopoietic and lymphatic tissues with diverse incidence, etiology, pathogen‐
esis, and prognosis. A significant progress in the clinical management has been achieved, but de‐
spite that current therapeutic approaches often produce prolonged survival, the therapeutic
responses are often partial, brief, and unpredictable. However, hematology has constantly been
advancing in parallel with technological developments that have expanded our understanding of
the phenotypic, genetic, and molecular complexity and extreme clinical and biological heteroge‐
neity of leukemias. This in turn allowed for developing more effective and less toxic alternative
therapeutic approaches directed against critical molecular pathways in leukemic cells.

The continuous and rather extensive influx of new information regarding the key features and
underlying mechanisms as well as treatment options of leukemias requires frequent updating of
this topic. The primary objective of this book is to provide the specialists involved in the clinical
management and experimental research of acute and chronic leukemias with comprehensive and
concise information on some important theoretical and practical developments in the biology,
clinical assessment, and treatment of patients with leukemias as well as on some molecular and
pathogenetic mechanisms and their respective translation into novel therapies. Specific clinical
scenarios such as pregnancy and age are also within the scope of the book. An international panel
of experts provide novel insights into various aspects of leukemias and contribute their experi‐
ence to updates in the field.

Classically, leukemias have been classified according to their cellular origin, as myeloid or lym‐
phoid, or according to their course, as acute or chronic.

Acute lymphoblastic leukemia (ALL) remains among the greatest challenges in hematology,
even if the road to curing most children with ALL, the most common childhood cancer, may be
the greatest success story in the history of cancer. Approximately 80% of children with ALL are
now cured however, for those children with unfavorable features, defined either by disease biolo‐
gy or by response to treatment, the outcomes remain poor. The first chapter addresses the great
strides that have been made in effectively treating pediatric leukemia and presents data on the
contribution of risk stratification combined with intensified therapies. The authors focus on role
of the increasingly more precise genomic studies for defining specific subtypes of high-risk leuke‐
mia and identifying druggable targets in aberrant pathways complemented with the develop‐
ment of relevant preclinical models which are expected to fuel rapid advances in the future.
Recent genomic and immunophenotypic studies underlie the identification of new clinically rele‐
vant ALL subtypes, such as the early T-cell precursor ALL (ETP-ALL), which has been recently
recognized as a form with poor prognosis and reviewed in the second chapter. Recent advances
in the biology, genetics, and clinical features of this aggressive disease are presented in a compre‐
hensive summary of the major characteristics and scoring systems in the reported series, further



contributing with two clinical cases with a particular clinical presentation. Various viruses have
been claimed to be associated with lymphoid neoplasms, including HTLV-1 and HIV. The third
chapter reviews the interaction of these two retroviruses within the immune system and more
specifically examines the impact of HIV-1 infection on the leukemogenic process induced by
HTLV-1 in coinfected individuals as well as the impact of HTLV-1 infection on HIV-1 disease.

Acute myeloid leukemia (AML) accounts for approximately 80% of cases of acute leukemia in
adults. It is characterized by clonal proliferation of myeloid precursors and accumulation of leu‐
kemic blasts in the bone marrow, ultimately resulting in hematopoiesis failure. Although nowa‐
days AML is cured in 35–40% of adult patients who are 60 years of age or younger and in 5–15%
of patients who are older than 60 years of age, the outcome in a significant proportion of patients
who are unable to receive intensive chemotherapy without unacceptable side effects remains dis‐
mal. The cytogenetic and the enormous molecular heterogeneity of the disease have become in‐
creasingly apparent over the past years. The recent large-scale sequencing of AML genomes is
now providing opportunities for patient stratification and personalized approaches to treatments
that are based on individual mutation profiles. The fourth chapter addresses recent knowledge on
genetic and molecular aberrations in AML, describing the incidence, prognostic influence, and
association with other molecular markers of the most important recurrent mutations in AML. It is
followed by a comprehensive update on non-M3 AML etiology, classification, risk stratification,
emergencies, complications, disease in special circumstances, and current and future therapeutics
provided in the fifth chapter of the book.

The unsatisfactory clinical outcomes of a significant proportion of AML patients urged the devel‐
opment of new anti-AML therapy strategies, one of which includes the implementation of new
nucleoside analogs. The sixth chapter summarizes the available data in regard to clofarabine,
which has offered new promising perspectives within induction and consolidation therapies. This
chapter evaluates the efficacy and tolerability of the drug as a single agent and in combination
therapy, including hematopoietic stem cell transplantation, for AML patients. On the other hand,
the treatment of most cases of acute promyelocytic leukemia differs from the usual AML treat‐
ment. Initial treatment includes the non-chemotherapy drug all-trans-retinoic acid (ATRA), which
is most often combined with chemotherapeutic drugs. Another option is to include another differ‐
entiating drug called arsenic trioxide (ATO). This is often used in patients who cannot tolerate an
anthracycline drug, but it is an option for other patients as well. The seventh chapter highlights
the pharmacokinetics of ATO and the detailed mechanisms underlying the cytocidal effects of
arsenic compounds. A detailed insight into potential future clinical applications of those promis‐
ing candidates endowed with potent antitumor activities in view of combination with arsenic
compounds is provided.

In regard to chronic leukemias, B-cell chronic lymphocytic leukemia (B-CLL) is the most com‐
mon type of leukemia in adults.  CLL displays immense clinical heterogeneity, as many patients
have an indolent disease that will not require intervention for many years, while others will
present with an aggressive and symptomatic leukemia. While clinical staging systems have been
used to stratify patients into risk categories, they lack the ability to predict disease progression or
response to therapy. Therefore, the significant interest in identifying additional prognostic mark‐
ers that can be used to distinguish those patients who may have an aggressive form of CLL and
might benefit from early intervention has pushed research toward unraveling the biology of the
disease. Numerous cellular and molecular markers with potential prognostic and therapeutic sig‐
nificance have been identified. In parallel, an increasing number of therapeutic compounds and
new targeted therapies are under development with promising results. The eightth chapter
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presents a concise overview of the new prognostic markers of CLL, the relationship they have
with each other to build prognostic scores, the role they have in guiding treatment decisions, and
the novel therapies that have emerged recently with immunologic, biochemical, and genetic tar‐
gets. However, conventional treatments are still not directed to the interactions between CLL cells
and their microenvironment. The existence of a complex network of antiapoptotic and prosurviv‐
al molecules, including cell adhesion, proinflammatory, angiogenic, and proto-oncogenic mole‐
cules, is responsible for supporting the infiltrating malignant cells and for the maintenance of the
neoplastic tissue in CLL. Many prosurvival signaling pathways potentially sustaining CLL cell
maintenance interact with one another. Thus, it appears that developing new classes of drugs af‐
fecting simultaneously various signaling pathways, and therefore abrogating signaling redundan‐
cy-associated chemoresistance to classical drugs, is feasible. Based on these concepts, the ninth
chapter comprises a review of recent studies on key biomarkers of intercellular interactions of the
leukemic population, which enable clarification of key processes in the development of the dis‐
ease and can be the basis for defining a separate risk patient group to optimize the therapeutic
approach. It is essential to have new treatment modalities in order to increase the anti-B-CLL ef‐
fects, providing greater biological activity and much more specificity for the disease. However, in
general, in most anti-neoplastic therapies, the side effects are also frequent and the development
of resistance or relapse is usually inevitable. The achieved efficiency might be associated with un‐
acceptable toxicity. Therefore, current scientific research efforts are focused on the development
of anti-neoplastic agents, which might achieve maximum effect and also decrease the potential
damage on normal cells. The tenth chapter presents a novel therapy using zinc oxide nanoparti‐
cles and photodynamic therapy for the treatment of CLL, claiming that this new therapeutic ap‐
proach is a very specific one with very low toxicity for non-leukemic cells and probably very
useful not only for B-CLL but also for all the other indolent lymphomas as well as for all types of
cancer.

Besides the specific characteristics of various leukemias, a diagnosis of a blood cancer during preg‐
nancy is a rare and traumatic experience which poses unique challenges for the mother and the
unborn baby, as well as for the treating medical team in managing both the pregnancy and the
blood disorder. The last chapter covers the available data about the consequences of maternal and
fetal exposures to cytotoxic chemotherapy, radiotherapy, and targeted therapies; a detailed de‐
scription of coexistence between various types of leukemia and pregnancy; and the specific data
obtained from the major studies and important case reports on pregnancy in different types of leu‐
kemia.

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

Prof. Dr. Margarita Guenova, MD, PhD
Laboratory of Haematopathology and Immunology,

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

Prof. Dr. Gueorgui Balatzenko, MD, PhD
Laboratory of Cytogenetics and Molecular Biology,

National Specialised Hospital for Active Treatment of Haematological Diseases, Sofia, Bulgaria
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Chapter 1

Pediatric High Risk Leukemia — Molecular Insights

Chandrika Gowda, Olivia L. Francis, Yali Ding, Parveen Shiraz,
Kimberly J. Payne and Sinisa Dovat

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61247

Abstract

Acute leukemia comprises of 31% of all cancers in children making it the most com‐
mon childhood malignancy. Significant strides have been made in treatment, partly
through risk stratification and intensified therapy. A number of subtypes remain at
high risk for relapse and poor outcome, despite current therapies. Here we describe
risk stratification and molecular diagnosis used to identify high risk leukemias and
guide treatment. Specific cytogenetic alterations that contribute to high risk B and T
cell acute lymphoblastic leukemia (ALL), as well as infant leukemia are discussed.
Particular attention is given to genetic alterations in IKZF1, CRLF2, and JAK, that
have been identified by whole genome sequencing and recently associated with Ph-
like ALL. Ongoing studies of disease mechanisms and challenges in developing
pre-clinical patient-derived xenograft models to evaluate therapies are discussed.

Keywords: Acute lymphoblastic leukemia, Pediatric Leukemia, high risk leukemia,
Ikaros, IKZF1, CRLF2

1. Introduction

Acute leukemia comprises 31% of all cancers in children, making it the most common child‐
hood malignancy. Acute lymphoblastic leukemia (ALL) makes up 80% of these cases and the
remaining are leukemias of the myeloid lineage. Among the lymphoblastic leukemias, there
are two immunophenotypic groups: B cell precursor ALL (B-ALL, 80% of all ALL) and T cell
ALL (T-ALL, 20%). In the following sections, the further classification of each of these subtypes
of leukemia, based on their molecular characteristics, is discussed. Also discussed are the
clinical importance, prognosis, and new therapies available for each subtype.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Overview of classification of pediatric leukemia

2.1. Definition of standard and high risk leukemias

The National Cancer Institute (NCI) has classified acute lymphoblastic leukemia in children
based on age at diagnosis, initial white blood count, and the presence of extra medullary
disease.

• Standard risk: initial WBC count less than 50,000/μL and age 1 to younger than 10 years

• High risk: initial WBC count 50,000/μL or greater and/or age 10 years or older

The Children’s Oncology Group (COG) has classified acute leukemia into four risk groups
using prognostic factors that are strongly predictive of outcome such as: 1) age; 2) initial white
count; 3) gender; 4) presence of extra medullary disease at diagnosis (CNS or testicular disease);
and 5) blast cytogenetic findings and ploidy, and 6) response to induction therapy [1, 2].

Based on these factors, the four risk groups for COG classification of newly diagnosed B-ALL
for the AALL08B1 study are low risk, average risk, high risk, and very high risk. In T-ALL,
high white count does not have a prognostic significance. The above classification applies to
B cell phenotype cases. The presence of CNS or testicular disease, age <1 year, and trisomy 21
are considered high risk. The importance of tumor cell characteristics will be discussed in the
following sections.

2.2. Molecular diagnosis and its importance

Immunophenotyping is used to classify leukemia into B-ALL and T-ALL [3, 4].

B-ALL: comprises 80% of ALL. B-ALL cells express cytoplasmic CD79a, CD19, HLA-DR.
Surface CD10 (formerly known as common ALL antigen or CALLA) is seen in 90% of these
cases. Subtypes are as follows:

• Common Precursor B Cell ALL (75% of cases): These cells are CD10 positive and express no
surface or cytoplasmic Ig. This group has the best prognosis.

• Pro B ALL (5% of cases): Commonly seen in infants with MLL rearrangement. These cells
are CD10 negative and express no surface or cytoplasmic Ig.

• Pre B ALL (20% of cases): These cells express cytoplasmic Ig.

T-ALL: These cells express cytoplasmic CD3, with CD7 plus CD2 or CD5 on leukemic blasts.
T-ALL is associated with older age, male gender, high initial white count, and mediastinal
mass.

Cytogenetic alterations: The presence of recurrent numerical and structural chromosomal
abnormalities in both ALL and AML are very common and are associated with prognostic
significance. Hence, cytogenetic characteristics are now used for risk stratification of patients
with ALL [5, 6].
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Figure 1. Frequency of Cytogenetic Abnormalities in ALL

Table 1. Common Genetic Alterations and Clinical Significance B-ALL.
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Risk stratification based on cytogenetic characteristics has revealed many subgroups of NCI
standard and high risk groups that are now treated differently. Many treatment strategies
using targeted therapies directed at specific genetic alterations in the tumor cells have opened
up a new era of leukemia therapy. Figure 1 and Table 1 show cytogenetic abnormalities seen
in ALL [6, 7].

3. Infant leukemia and leukemia with MLL rearrangement

3.1. Overview of infant leukemia

Infant leukemia comprises only 1–2 % of childhood ALL. The cells often show an immature
pro-B phenotype. They present with very high WBC count and large extra medullary disease
burden which confer poor prognosis in this subset of children [8].

3.2. Biology of infant leukemia

Rearrangements of the KMT2A (also known as mixed lineage leukemia (MLL)) gene located
on chromosome 11q23 are seen in more than 80% of infant ALL, with increased frequency in
patients under 6 months of age. They are also seen in ~50% of infant AML [8] and a majority
of adults with therapy-related leukemia secondary to topoisomerase II inhibitors. Balanced
translocations result in the fusion of MLL to a number of different partner genes, leading to
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and t(10;11)(p12;q23) MLL/MLLT10, also called MLL/AF10. The MLL gene product plays a critical
role in hematopoiesis by regulating the HOX group of genes, which sequentially influence
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Infant ALL is considered high risk for many reasons. The factors that confer poor prognosis
are age younger than 6 months, extreme hyperleukocytosis (>300,000 white blood cells/μL),
CD10 negativity, and the presence of MLL rearrangement. The type of the partner gene fused
to MLL does not seem to influence outcome [9, 11, 12]. Studies by the BFM group and the
international ALL protocol Interfant-99 have shown that patients who were early good
responders to prednisone therapy had a better outcome [13, 14].

Infant ALL is currently treated with intensive chemotherapy including high dose cytarabine
– “AML-like” therapy. The prednisone poor responders are classified as high risk and require
intensification of therapy. Hematopoietic stem cell transplantation for infants with ALL in first
remission remains controversial [15, 16].
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4. FLT3 mutations in ALL

4.1. Incidence of FLT3 alterations in ALL and its prognostic significance

Constitutive activation of FMS-like tyrosine kinase 3 (FLT3) plays an important role in the
pathogenesis of hematopoietic malignancies. FLT3 activating mutations, internal tandem
duplications (ITD), and kinase domain (KD) mutations were initially discovered in acute
myeloid leukemia (AML) and are associated with poor prognosis in both adult and pediatric
AML. However, in lymphoblastic leukemia, FLT3 ITD did not cause significant change in
overall survival and event free survival [17]. Recently, FLT3 overexpression has been seen in
two types of ALL: 18% of infant ALL with MLL rearrangement and 21–25% of hyperdiploid
ALL and in relapsed ALL samples [18, 19]. Studies have shown that high FLT3 expression
mutation identifies MLL-AF4+ (also called MLL-AFF1+) ALL patients at very high risk of
treatment failure and poor survival, emphasizing the value of ongoing/future clinical trials for
FLT3 inhibitors [20–23].

4.2. FLT3 inhibitors in the treatment of leukemia with FLT3 alterations

Recent gene expression studies have shown that in MLL-rearranged leukemia, FLT3, a receptor
tyrosine kinase that plays a role in promoting cell proliferation and transformation is overex‐
pressed. This has led to the pursuit of FLT3 inhibitors as targeted therapy for this disease [22].
Currently, Lestaurtinib (CEP-701™), an oral, highly selective small-molecule FLT3 inhibitor, is
being used in COG - phase III trial wherein infants with MLL-rearranged ALL are being
randomized to intensive chemotherapy with or without Lestaurtinib.

5. BCR-ABL positive leukemia

5.1. Incidence, current therapy, and outcome in BCR-ABL+ (Ph+) leukemia

Chimeric BCR–ABL1 protein is encoded by BCR-ABL1 fusion gene created by reciprocal t(9;22)
(q34;q11) translocation on chromosome 22, also known as the Philadelphia chromosome. The
BCR–ABL1 fusion gene is generated by joining most of the coding region of the ABL1 tyrosine
kinase gene (Abelson murine leukemia) on chromosome 9 to the breakpoint cluster region
(BCR) gene on chromosome 22. The molecular consequence of all BCR–ABL1 fusion proteins
is a hyperactive ABL1 kinase domain and aberrant phosphorylation of a variety of targets [23,
24]. There are two gene product variants: p190, which is seen in >90% of Philadelphia+ (Ph+)
ALL in children, and p210, which is seen in CML.

Ph+ ALL comprises 3–4% of pediatric ALL, and about 25% of adult ALL cases.  Prior to
tyrosine  kinase  inhibitors,  these  patients  had dismal  outcomes despite  the  use  of  inten‐
sive chemotherapy and hematopoietic stem cell  transplant in the first  remission was the
best available option [24].
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5.2. Tyrosine kinase inhibitors in BCR-ABL+ (Ph+) leukemia and current challenges

Imatinib was the first generation of tyrosine kinase inhibitors that changed the face of treatment
for Ph+ ALL and CML. The addition of Imatinib to intensive chemotherapy in childhood BCR-
ABL1–positive ALL results in a 4-year event-free survival rate of 84%, more than double that
of historical controls [25]. About 40% of the newly diagnosed Ph+ ALL patients carry point
mutations within the kinase-binding domain of BCR-ABL that confers resistance to Imatinib.

Dasatinib and Nilotinib are second-generation tyrosine kinase inhibitors. Dasatinib is a
multikinase inhibitor targeting several tyrosine kinases, including BCR-ABL and SRC kinases.
It is 325 times more potent than Imatinib, binds to the active and inactive forms of BCR-ABL,
and has excellent CNS penetration. These are effective in patients resistant to Imatinib, except
those with the T315I mutation [26].

Currently, allogeneic hematopoietic stem cell transplant (HSCT) is the standard of care in
second remission for patients with Ph+ ALL. It has been observed that most of the patients
treated with tyrosine kinase inhibitor (TKI)-based therapy will eventually relapse without
HSCT. However, benefits of allogeneic HSCT in first remission, after intensive chemotherapy
and TKI therapy, has to be considered based on donor availability, minimal residual disease
(MRD) status, and clinical status of the patient [27]. Recent studies in both adults and children
have failed to prove clear benefit of allogeneic HSCT in the first remission for this group of
patients mainly because of the small sample size [23, 28, 29].

6. Ikaros-altered ALL

6.1. Overview of Ikaros

Ikaros is a DNA-binding zinc finger protein encoded by the IKZF1 gene. Ikaros is a transcrip‐
tion factor that functions as a regulator of gene expression and chromatin remodeling [30].
Ikaros regulates the development and function of the immune system and acts as a master
regulator of hematopoietic differentiation. Genomic profiling studies identified IKZF1 as an
important tumor suppressor in ALL, particularly in ALL that is associated with poor prognosis
[31, 32]. The mechanism by which Ikaros suppresses malignant transformation and the
development of ALL is largely unknown. In the past few years, experiments by several groups
have shown that Ikaros regulates expression of its target genes by recruiting them to pericen‐
tromeric heterochromatin, resulting in their activation or repression [33, 34].

6.2. Clinical importance of Ikaros deletion

IKZF1 has been established as one of the most clinically relevant tumor suppressors in high-
risk ALL. Genome wide analysis studies have shown that 15% of all cases of pediatric B-cell
ALL show deletion of a single IKZF1 allele or mutation of a single copy of IKZF1, resulting in
haploinsufficiency of IKZF1. Haploinsufficiency occurs with expression of a functionally
inactive Ikaros splice form that acts as a dominant negative. Genetic inactivation of IKZF1 is
more rare in T-ALL where IKZF1 alterations occur in ~5% of cases [35]. Over 80% of BCR-ABL1
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ALL and 66% of chronic myeloid leukemia (CML) patients during lymphoid blast crisis show
mutation or deletion of an IKZF1 allele. One-third of BCR-ABL1 negative ALL patients also
show IKZF1 deletion or mutation. This group of patients is at increased risk of poor outcome
with more than threefold increase in relapse rate [30]. Poor outcome associated with IKZF1
alteration is frequently independent of age, sex, white cell count, and level of minimal residual
disease – factors which are commonly used for risk stratification. Testing for IKZF1 status at
the time of diagnosis is now being explored in prospective trials. In recent genome profiling
studies, IKZF1-altered high risk pediatric ALL cases have shown marked similarity to BCR-
ABL positive ALL giving rise to a new subset of cases now called “Ph-like “ or “BCR-ABL-
like” ALL. This will be discussed further later in the chapter.

6.3. Regulation of Ikaros function in T cell leukemia

The role of Ikaros in normal T cell development is demonstrated by evidence that Ikaros
regulates  the  expression  of  key  genes  in  T  cell  differentiation.  T  cell  differentiation  is
significantly  impaired  in  Ikaros-deficient  mice.  Terminal  deoxynucleotide  transferase
(DNTT) is a gene product critical for thymocyte differentiation that is regulated by Ikaros.
Ikaros also regulates the expression of CD4, CD8, and IL-2 and plays a critical role in T
cell differentiation [36, 37].

6.3.1. Regulation of Ikaros function

Casein kinase has been shown to phosphorylate Ikaros at multiple sites, and indeed, CK2
kinase is responsible for the majority of Ikaros phosphorylation. Studies by the Dovat group
showed that a single phosphomimetic mutation at amino acid 13 or 294 caused the redistrib‐
ution of Ikaros protein in the nucleus from pericentromeric localization to a diffuse nuclear
staining pattern, while phosphoresistant mutations produced no changes in the subcellular
localization of Ikaros. These data suggest that targeting of Ikaros to pericentromeric hetero‐
chromatin is regulated by its phosphorylation at specific amino acids [34, 38].

6.3.2. CK2 mediated phosphorylation of Ikaros impairs Ikaros function

Recent studies have demonstrated that CK2-mediated phosphorylation of Ikaros controls
essential functions of Ikaros including DNA-binding, subcellular localization, and chromatin
remodeling, as well as the level of Ikaros protein in cells (via ubiquitination and degradation).
Phosphorylation of Ikaros by CK2 kinase also regulates cell cycle progression and Ikaros
function in T cell differentiation [39, 40]. Since the overexpression of CK2 kinase and the loss
of Ikaros function have been strongly associated with leukemogenesis, it is proposed that
increased CK2 kinase activity leads to impaired function and/or degradation of Ikaros, which
results in malignant transformation and the development of leukemia.

6.4. Inhibition of CK2 as a potential therapeutic approach to treat high risk leukemia

Casein Kinase II inhibition has been an attractive therapeutic strategy in several malignancies.
A specific CK2 inhibitor, CX-4945, orally bioavailable small molecule is in Phase I clinical trial
for solid tumors. The role of CK2 inhibitor as an antileukemic drug in ALL needs to be explored.
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7. Hypodiploid ALL

7.1. Subclassification and treatment outcome of hypodiploid ALL

Hypodiploid ALL comprises 1–2% of all B-ALL cases and confers poor prognosis. Hypodi‐
ploid ALL is a chromosome number abnormality in the leukemic cells that results in 45
chromosomes or less. Hypodiploid ALL has been subdivided in various ways. In general,
Hypodiploid ALL may be subclassified into the following four groups:

• near-haploid cases – 24–31 chromosomes

• low-hypodiploid cases – 32–39 chromosomes

• high-hypodiploid cases – 40–43 chromosomes

• near-diploid cases – 44–45 chromosomes

Patients with 44 or 45 chromosomes have a much better outcome than patients with fewer than
44 chromosomes [41].

7.2. Genomic profiles of hypodiploid ALL

Recently, a large group of 124 pediatric patients with hypodiploid ALL were analyzed using
microarray profiling of gene-expression and copy-number alteration, and next-generation
sequencing. These analyses indicate that near-haploid and low-hypodiploid ALL are distinc‐
tive from each other and from other types of ALL. In near-haploid ALL, genetic alterations
target RTK (receptor tyrosine kinase) signaling, Ras signaling, and the lymphoid transcription
factor gene IKZF3, while in low-hypodiploid ALL, genetic alterations involve TP53, RB1,
and IKZF2 [42].

RTK and Ras signaling alterations were present in more than two-thirds (70.6%) of near-
haploid ALL cases, while they were much less common in low-hypodiploid (8.8%) and near-
diploid ALL (31.8%). The RTK and Ras signaling alterations involve deletion, amplification,
and/or sequence mutation of NF1, NRAS, KRAS, MAPK1, FLT3, or PTPN11.

The TP53 alterations were present in 91.2% of low-hypodiploid ALL, but less than 5% of non-
low-hypodiploid ALL. Meanwhile, TP53 alterations are also present in non-tumor cells in
43.3% of the mutation-carrying cases, suggesting that the TP53 mutations are inherited and
the low-hypodiploid ALL might be a manifestation of Li-Fraumeni Syndrome (LFS).

The Ikaros gene family is very important for lymphoid development and differentiation. IKZF2
is highly expressed in common lymphoid progenitors and pre-pro-B cells, while IKZF3 is
mainly expressed in more mature lymphoid precursors. IKZF2 and IKZF3 alterations occur in
low-hypodiploid and near-haploid ALL, respectively, suggesting that low-hypodiploid ALL
may arise from the transformation of a lymphoid progenitor that is a less mature lymphoid
than those from which near-haploid ALL arises. More importantly, both low-hypodiploid and
near-haploid leukemic cells show activation of Ras-signaling and PI3K-signaling pathways.
In addition, PI3K and mTOR inhibitors can inhibit proliferation of both low-hypodiploid and
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near-haploid leukemic cells ex vivo, which indicates that these drugs should be further
investigated as a new therapeutic strategy for hypodiploid ALL [42].

8. Leukemias involving the E2A-PBX1 translocation

8.1. Introduction: Wild type E2A and PBX1

The TCF3 gene (also known as E2A) encodes two proteins, E12 and E47, which are generated
by differential splicing events. Both proteins contain a C-terminal basic helix-loop-helix
(bHLH) domain and two activation domains called AD1 and AD2. E2A proteins function as
transcriptional activators by binding to E-box DNA sequence and recruiting histone acetyl‐
transferase complexes. E2A proteins contribute to various aspects of lymphocyte differentia‐
tion and development. In E2A deficient mice, B cell development is arrested at the early pro-
B stage [43].

PBX1 was first described through its involvement in the translocation t(1; 19) [44]. PBX1 itself
is not expressed in lymphoid cells, though its related genes, PBX2 and PBX3, are expressed in
lymphocytes [45]. PBX1 contains a homeodomain involved in DNA binding and protein-
protein interaction. It can cooperate with other homeodomian containing proteins of HOX and
MEINOX classes to regulate the transcription of target genes [46].

8.2. Structure and function of the E2A-PBX1 translocation

The chromosomal translocation between chromosomes 1 and 19 results in a fusion event
between TCF3 and PBX1, which is detected in 3–5% of all pediatric pre-B cell ALL cases [47,
48]. The E2A-PBX1 fusion proteins contain two-thirds of the N-terminal of E2A proteins (which
retain the AD1 and AD2 domain, but lose the bHLH domain) and most of the PBX1 protein.
Two forms of E2A-PBX1 proteins are detected, E2A-PBX1a and E2A-PBX1b, which differ at
the C-terminus of PBX1 [49].

The E2A-PBX1 fusion protein is capable of transforming various cell types. Enforced expres‐
sion of E2A-PBX1 induces lethal lympho-proliferative diseases in transgenic mice and
aggressive myeloproliferative diseases in a murine bone marrow transplantation model [50].

8.3. Target genes of E2A-PBX1

Many efforts have been made to find the mechanisms by which E2A-PBX1 mediates transfor‐
mation of pre-B cells. One important way is try to find potential target genes or pathways that
are regulated by E2A-PBX1. Using ChIP-chip assay, Diakos et al. found 108 direct E2A-PBX1
targets [51]; however, few targets have been studied in detail. Wnt16 and EB-1 are two target
genes of E2A-PBX1 that are well studied. Wnt16 belongs to the Wnt family, a group of signaling
factors that plays important roles in many developmental processes including cell differen‐
tiation, proliferation, polarity, and migration [52]. Wnt16 is normally expressed in peripheral
lymphoid organs but not in bone marrow. In contrast, Wnt16 is highly expressed in bone
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marrow and cell lines that are derived from pre-B ALL patients carrying E2A-PBX1 [52]. EB-1
expression was much lower in marrow from pre-B ALL patients without t(1; 19) than marrow
from pre-B ALL patients and pre-B cell lines that contain the t(1; 19). EB-1 is a signaling protein
containing a phosphotyrosine binding domain, and may play a role in the regulation of cell
proliferation. [53].

8.4. Clinical treatment and outcome for E2A-PBX1 ALL

For pediatric B-ALL patients with the E2A-PBX1 fusion protein, the prognosis has been
controversial. It was initially associated with poor outcome when treated with antimetabolite-
based therapy [54, 55], but the recent development of intensified chemotherapy has much
improved the outcome of this subgroup. However, in a trial conducted by St. Jude Children’s
Research Hospital, although patients with the t(1; 19) had an overall favorable outcome with
intensified chemotherapy, this group had a significantly higher incidence of CNS relapse,
suggesting intensive CNS-directed therapy is needed to further improve the outcome in this
group of patients [56].

9. Ph-like ALL

9.1. Description and prevalence of Ph-like ALL

Ph-like (BCR-ABL1-like) ALL defines a distinct subtype of high risk ALL that is characterized
by a gene expression profile similar to that of Ph+ ALL but lacking the characteristic t(9;22)
translocation. This subtype represents about 15–20% of all cases of ALL [57, 58]. The prevalence
of Ph-like ALL increases with age: 10–13% of ALL in children and 21–27% of ALL in adolescents
and young adults. Patients with Ph-like ALL have higher leukocyte counts at presentation and
are more likely to have minimal residual disease at the end of induction chemotherapy. The
survival rates of patients with Ph-like ALL is significantly lower when compared to non-Ph-
like ALL among all age groups, adults faring worse than children [58]. Genes that are involved
in B cell development, including IKZF1 (Ikaros), are deleted more frequently in Ph-like ALL
as compared to non-Ph-like ALL (82% vs. 36%) [57, 58]. Genomic alterations involving kinase
signaling have been observed in >90% of Ph-like ALL. These include alterations involving
ABL1, JAK, EPOR, CRLF2, IL7R, FLT3, Ras, and others [58]. Subtypes of Ph-like ALL are shown
in Figure 2.

9.2. Translocations involving ABL1 in Ph-like B-ALL

The BCR-ABL1 translocation and the resulting Ph+ leukemia was described in Section 4. Other
translocations involving the ABL1 gene have been demonstrated in B-ALL as well as T-ALL.
The ETV6 gene encodes an Ets family transcription factor that is essential for hematopoiesis
and vascular growth. The ETV6-ABL1 fusion, t(9;12)(q34;p13) is a rare event that has been
reported in 22 cases of hematological malignancies including 6 cases of B-ALL and one case
of T-ALL [59]. The RCSD1-ABL1 fusion, t(1;9)(q24;q34), has been identified in 3 cases of B-ALL
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of T-ALL [59]. The RCSD1-ABL1 fusion, t(1;9)(q24;q34), has been identified in 3 cases of B-ALL
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[60]. One case of B-ALL with SFPQ-ABL1 fusion, t(1;9)(p34;q34), and another case of B-ALL
with ZMIZ1-ABL1 fusion, t(9;10)(q34;q22.3) have been reported [61, 62].

Figure 2. Ph-like ALL subtypes

The NUP214 gene encodes a nuclear pore complex protein that is involved in nucleocytoplas‐
mic transport. NUP214-ABL1 is the second most prevalent fusion gene involving ABL1. It has
been reported only in T cell ALL with a frequency of approximately 5%. So far, 60 cases of this
fusion have been reported in the literature involving both childhood and adult cases of T-ALL
[63, 64]. In one study by Graux et al., extrachromosomal (episomal) amplification of ABL1
within the NUP214-ABL1 transcript was observed in 5 out of 90 cases of T-ALL. Episomes are
extrachromosomal DNA that are not visible by conventional cytogenetics [65]. The above
mentioned study utilized FISH and microarray-based comparative genomic hybridization
techniques to map the episomes and confirm the ABL1 amplification. Roberts et al. have
demonstrated that leukemias with ABL class fusions are sensitive in vitro to the ABL class
inhibitors Imatinib and Dasatinib [58].

9.3. Genetic alterations in Ph-like ALL that include EPOR and JAKs

A number of JAK mutations have been identified in Ph-like B-ALL, specifically mutations in
the JAK1 pseudokinase domain, as well as the JAK2 pseudokinase and kinase domain, and in
JAK3 [66]. However, the most common are those occurring in the JAK2 pseudokinase domain
– R683G [67]. Activating mutations in JAK kinases (JAK1, JAK2, and JAK3) have been reported
in approximately 10% of Ph-like pediatric ALL. The JAK mutations were associated with
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alterations in IKZF1 and CDKN2A/CDKN2B, and with poor outcomes [58, 67]. Approximately
50% of CRLF2 B-ALL patients show JAK mutations [66, 68, 69] while rearrangement or
translocations involving the JAK2 gene are characteristic of ~7% of Ph-like ALL [58].

Erythropoietin (EPO) is a hematopoietic growth factor for the erythroid lineage and regulates
the production of red blood cells. The binding of EPO to its receptor EPOR leads to downstream
activation of JAK2-STAT5, PI3 kinase, and MAP kinase pathways [70]. Rearrangements that
involve EPOR have been found in ~4% of Ph-like ALL [58].

9.4. Ras pathway genetic alterations in Ph-like ALL

Ras pathway mutations have been described in pediatric ALL cases. In a report from the
Children’s Oncology Group by Zhang et al., among 23 childhood B-ALL cases with a Ph-like
gene expression profile, 9% had Ras pathway mutations. However, the proportion of Ras
pathway mutated cases increased to 62% among ALL with focal ERG deletion [71]. Among
Ph-like B-ALL cases, 4% are known to have Ras pathway genetic alterations. A majority of
these involve missense mutations in KRAS and NRAS [58].

9.5. IKZF1 alterations in Ph-like ALL

Aberrations in the IKZF1 gene have been observed in 80% of pediatric B-ALL cases that harbor
the BCR-ABL rearrangement [72] and a similar pattern is seen in Ph-like ALL. Patients with
IKZF1 deletions have increased risk for relapse and poor treatment outcomes, making IKZF1
an independent predictor for treatment outcomes [73–75]. More recently, alterations of the
IKZF1 gene have been associated with other genetic defects including JAK mutations and
CRLF2 rearrangements. Mullighan et al. demonstrated that 70% of JAK mutated cases harbored
IKZF1 alterations [67]. Dorge et al. also performed a study which showed a higher number of
Ikaros deletions in patients that have P2RY8-CRLF2 rearrangement compared to those that are
negative for the rearrangement [73]. Further, in another study of 29 pediatric B-ALL cases that
showed high CRLF2 expression accompanied by CRLF2 rearrangement, ~70% of the patients
had JAK mutations and 80% of cases had deletions or mutations in IKZF1 [66]. These findings
provide evidence that CRLF2 rearrangements are significantly associated with alterations in
IKZF1, as well as JAK mutations. Moreover, in patients harboring CRLF2 rearrangements, JAK
mutations and IKZF1 deletions/mutations have a poor survival outcome, suggesting that these
three lesions cooperate to worsen prognosis and treatment outcome of high-risk B-ALL.
Therefore, they can serve as therapeutic targets, as well as prognostic tools that can be used
effectively in risk-stratification and treatment strategies to improve treatment outcomes in
CRLF2 and other high-risk B-ALL patients.

9.6. Rearrangement of CRLF2 in Ph-like ALL

Overexpression of CRLF2 is responsible for more cases of Ph-like ALL than any other genetic
alteration [58]. The CRLF2 gene is located in the pseudoautosomal region 1 (PAR1) of Xp/Yp.
Three types of CRLF2 gene alterations can result in overexpression of the CRLF2 protein on
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the surface of the leukemic cells. One involves the juxtaposition of Xp/Yp into the immuno‐
globulin heavy chain locus at 14q32 resulting in IgH-CRLF2 rearrangement. The other involves
a focal deletion of PAR1 that juxtaposes the regulatory elements of the purinergic receptor
gene P2RY8 to CRLF2 resulting in a chimeric fusion gene P2RY8-CRLF2. Thirdly, a less
common missense mutation in exon 6 of CRLF2, F232C, results in constitutive CRLF2 dimeri‐
zation [66, 76]. CRLF2 overexpression is present only in B-ALL cases without rearrangements
in ETV6 (TEL), KMT2A (MLL), TCF3, and BCR-ABL. It is also worth noting that more than half
of Down syndrome associated ALL overexpress CRLF2 resulting in poor outcomes in these
patients [69]. CRLF2 is overexpressed in approximately 8% of childhood and adult ALL and
comprises ~50% of Ph-like ALL [58].

10. Biology of CRLF2 B-ALL – The most common form of Ph-like ALL

10.1. CRLF2–TSLP cytokine receptor component in CRLF2 B-ALL

CRLF2 is a type I cytokine receptor that, along with the IL7 receptor alpha (IL-7Rα), forms a
heterodimeric receptor complex for the cytokine TSLP (thymic stromal lymphopoietin). In
normal B-cell progenitors the expression of CRLF2 is undetectable by flow cytometry, although
TSLP cytokine acts on these cells to induce proliferation [77]. In contrast, the high levels of
CRLF2 on CRLF2 B-ALL cells can easily be detected by flow cytometry [68]. In CRLF2 B-ALL
cells, TSLP has been shown to increase the phosphorylation of STAT5, AKT, and S6, indicating
increased JAK-STAT and AKT/mTOR signaling [78]. Studies of TSLP effects in a range of cell
types indicates that it can also indicate cell survival signals through the activation of several
biological pathways including ERK, MAPK, PI3K/AKT/mTORC1, and NFκB, at least in some
cell types [79]. The physiological significance of the signaling induced by TSLP in CRLF2 B-
ALL cells remains to be determined [78].

10.2. Role of JAK mutations in CRLF2 B-ALL

Overexpression of CRLF2 is believed to cooperate with other genetic lesions leading to
leukemogenesis and chemoresistance. In most patients, overexpression of CRLF2 and CRLF2
gene rearrangements has been associated with deletions and/or mutations of the IKZF1 gene.
Mutations in JAK1 or JAK2 are present in half of all cases of CRLF2-overexpressing B-ALL and
can result in constitutive activation of this pathway [66, 68, 69].

To understand the contributions of CRLF2 and JAK2 to leukemogenesis, several groups have
conducted studies using CRLF2 and JAK mutants. Results from cellular models that utilized
murine Ba/F3 cells transduced with combinations of patient-derived mutant JAK1 or JAK2,
and CRLF2 achieved cytokine-independent growth in cells that contained both CRLF2 and
JAK2 mutants. This cytokine independent growth did not occur in cells that were transduced
with wildtype CRLF2 alone or JAK2 mutants alone. Co-immunoprecipitation studies demon‐
strated that human CRLF2 and phosphorylated mutant JAK2 interact physically [76, 80]. These
research findings provide evidence that supports the hypothesis that CRLF2 and JAK2 can
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cooperate to produce leukemogenesis. Indeed, Hertzberg et al. showed that almost all patients
with JAK mutations harbor CRLF2 gene rearrangements[80] This is in keeping with CRLF2
serving as a scaffold to facilitate signaling of mutant JAK2 [81]. However, ~50% of CRLF2 B-
ALL patients show no JAK mutations, suggesting that another factor might be inducing JAK
activation. This is certainly consistent with the role of endogenous TSLP-induced CRLF2-
mediated JAK phosphorylation in CRLF2 B-ALL. TSLP has been shown to increase both JAK-
STAT and AKT/mTOR phosphorylation in human CRLF2 B-ALL cells – including those with
activating JAK mutations [78].

10.3. Inherited background variability and susceptibility to CRLF2 B-ALL

Aside from these acquired genetic variations that contribute to leukemogenesis, other studies
using Genome Wide Association techniques are employed to determine whether inherited
(germline) genetic variations increase susceptibility to the development of high-risk Ph-like
ALL. In a major study, 75 Ph-like ALL patients were compared to 6,661 non-ALL controls and
two Single Nucleotide Polymorphisms (SNPs) within the GATA3 gene achieved genome-wide
significance (rs3824662 and rs3781093). The results showed that both SNPs were over-
represented in Ph-like ALL and were associated with higher risk of relapse [82]. More
importantly, the GATA3 SNP (rs3824662) was associated with CRLF2 rearrangement, JAK
mutations, and IKZF1 deletions [82]. GATA3 is one of the six-membered GATA transcription
factor family that is involved in the reprogramming of somatic cells to pluripotency[83]. More
specifically, GATA3 is critical for T cell development [84] and genetic alterations in GATA3
have been observed in T-ALL patients [85] and in other hematopoietic disorders such as AML
and Hodgkin Lymphoma [86, 87]. Taken together, these studies provide evidence that in
addition to acquired genetic alterations such as CRLF2, inherited genetic variations such as
GATA3 SNPs may also contribute to increased susceptibility to developing CRLF2 B-ALL and
increased risk of relapse. Thus, germline and somatic genetic alterations may play an important
role in leukemogenesis.

10.4. CRLF2 B-ALL and health disparities

CRLF2 B-ALL is five times more prevalent in patients of Hispanic/Latino origin and after initial
treatment they experience a higher rate of relapse. This high prevalence of CRLF2 B-ALL in
Hispanics is further supported by studies that have been conducted in regions where there is
a high proportion of Hispanics. For example, the highest incidence of childhood ALL is in
Hispanics compared to other ethnic groups in California [88]. In a study of pediatric B-ALL
patients, 18 of 51 (35.3%) Hispanic/Latino patients harbored CRLF2 rearrangements compared
to 11 of 154 (7.1%) patients of other ethnicities [66]. Harvey et al. further demonstrated that in
addition to JAK mutations and IKZF1 deletions, CRLF2 rearrangement was also significantly
associated with Hispanic/Latino ethnicity [66]. It has been established that populations
originating from different ancestries can be distinguished by genetic polymorphisms that are
unique to their ancestors [89]. Therefore, the current approach to studying the mechanisms
that contribute to the racial disparities relating to incidence and outcome of ALL is to evaluate
ancestry-related genetic alterations in conjunction with external factors such as the environ‐
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ment and socioeconomic status [90, 91]. Recent studies to identify ALL susceptibility genes in
the Hispanic population demonstrated that ARID5B and GATA3 SNPs are more frequent in
Hispanics compared to other ethnicities [82, 92]. These SNPs have been associated with higher
ALL incidence (ALL susceptibility), increased frequency of relapse, and poorer outcome [82,
92]. A possible explanation for the increased frequency of these SNPs in Hispanics is their
shared genetic ancestry with Native Americans that also exhibit increased frequency of the
SNPs [92]. While ancestry-related studies can provide a basis for disease, there is still a need
for studies that will identify the biological factors that contribute to the health disparity. Thus,
there is a need for the development of preclinical animal models that can be used to evaluate
Hispanic patient samples, thereby allowing us to effectively study CRLF2 B-ALL in context of
racial disparities.

10.5. Challenges of preclinical models of CRLF2 B-ALL

Current strategies to treat Ph-like ALL and more specifically CRLF2 B-ALL include: 1)
stratification of patients using prognostic and clinical factors (age, gender, race, white blood
cell count, CNS involvement, testicular involvement, steroid pretreatment and MRD, cell
morphology, immunotyping and genetic alterations); and 2) administer treatment regimen
based on risk group. Since 91% of the Ph-like ALL subset of patients (including CRLF2 B-ALL)
is characterized by activated kinase signaling, tyrosine kinase inhibitors are currently recom‐
mended as part of the treatment regimen for these patients [58]. Recent studies were aimed at
evaluating the effects of tyrosine kinase inhibitors, more specially JAK inhibitors and PI3K/
mTOR inhibitors on CRLF2 B-ALL cells in vitro and in vivo [78, 93, 94]. Results from these
studies have shown that CRLF2 rearranged B-ALL cells are sensitive to these inhibitors in vitro
and in vivo. While JAK inhibitors and all other tyrosine kinase inhibitors have shown some
promise, they have not been effective in all Ph-like B-ALL and not all CRLF2 B-ALL harbor
JAK mutations. Since TSLP has been shown to increase activation of the JAK-STAT, PI3K/AKT/
mTOR signaling pathways, it is important to conduct studies of disease mechanisms and
evaluate therapeutic candidates in context of TSLP and other cytokines that are often present
in the cancer microenvironment. Though some in vitro studies were performed in the presence
of TSLP [78], in vivo studies in context of TSLP stimulation are lacking. Therefore systematic
evaluation of the contributions of TSLP to CRLF2 B-ALL leukemogenesis and the assessment
of therapies to treat these patients are required to gain a better understanding of the etiology
and treatment outcome of the disease.

Human-mouse xenograft models are ideal in vivo models for studying disease mechanisms
and for evaluating therapies for leukemia, particularly in context of inherited genetic varia‐
bility. NOD/SCID mice have been shown to be receptive to the engraftment of human leukemia
cells [95]. The development of additional mouse strains, such as the NOD/Scid/IL- 2Rγ null
(NSG) strain have significantly increased the ability of human ALL cells to engraft [96]. These
animal models are effective because mouse cytokines act on the human leukemia cells by
providing the necessary growth signals required to facilitate proliferation and maintenance of
leukemia cells [97]. However, while most mouse cytokines can activate receptors on human
cells, some mouse cytokines are species-specific, e.g., IL-3, GM-CSF, and TSLP [97]. This poses
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a challenge in effectively recapitulating the systemic or BM microenvironment present in
patients. It is important to conduct studies as far as possible with the full complement of
cytokines present under physiological conditions in order to truly identify disease mechanisms
and evaluate therapies.

10.6. Novel pre-clinical xenograft models that provide human cytokines

The  lack  of  cross  species  cytokine  activity  has  been  partially  addressed  for  studies  of
myeloid leukemia by the recent  development of  so-called “cytokine mice” [98].  These
immune-deficient mice express human IL-3,  SCF, and GMCSF, three cytokines that play
important roles in the production of myeloid lineage cells and show no or poor cross species
activity. Xenografts from cytokine mice showed enhanced AML engraftment [98]. Alterna‐
tive strategies have been used to produce mice that express human IL-15 and FLT3 and
other cytokines,  which have resulted in enhanced production of functional human natu‐
ral  killer  cells,  dendritic  cells,  monocytes/macrophages,  and erythrocytes  [97].  However,
human TSLP has not been included as part of the complement of cytokines used in these
studies.

Current xenografts that evaluate therapeutic candidates for CRLF2 B-ALL do not include
human TSLP [94], which is required to provide the human CRLF2-mediated signals that were
demonstrated by previous groups in vitro [78]. There is a need to develop new preclinical
animal models that include TSLP and other species-specific cytokines in order to accurately
evaluate disease mechanisms. A model that includes TSLP and allows for modulating the
levels of TSLP will be of great value to the study of CRLF2 B-ALL. The rationale for this is that
CRLF2, the receptor for the endogenous ligand TSLP, is overexpressed on CRLF2 B-ALL cells
and has contributed to increased pathway signaling in these cells. Additionally, the role of
TSLP in the initiation and maintenance of CRLF2 B-ALL is unknown. Current studies in our
laboratories are aimed at developing a human TSLP+ xenograft model that provides human
TSLP to activate CRLF2-mediated signals in human CRLF2 B-ALL cells transplanted into
xenograft mice. This model will be used to study disease mechanisms and identify therapies
to effectively treat CRLF2 B-ALL.

11. Conclusion

In summary, great strides have been made in effectively treating pediatric leukemia. Risk
stratification based on clinical features combined with intensified therapies has contributed to
this outcome. Increasingly, more precise molecular phenotyping available from whole genome
analyses make it possible to identify and study specific subtypes of high risk leukemias.
Mechanistic studies that identify druggable targets in aberrant pathways are likely to fuel rapid
advances in the future. This progress will depend on the development of relevant preclinical
models for studying disease mechanisms and for evaluating candidate therapies.
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Chapter 2

Early T-cell Precursor Acute Lymphoblastic Leukemia – A
Characteristic Neoplasm Presenting the Phenotype of
Common Hematopoietic Progenitors for both Myeloid
and Lymphoid Lineages
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Abstract

Introduction: Early T-cell precursor acute lymphoblastic leukemia (ETP-ALL) is a
subtype of T-ALL and its clinical entity was established in recent years based on
characteristic immunophenotyping and gene expression profiles. The cellular origin
of ETP-ALL is supposed to be from common hematopoietic progenitors both for
lymphoid and myeloid lineages because this leukemia phenotypically exhibits
lymphoid, myeloid, and stem cell features. ETP-ALL comprises 5–15% of all T-ALL
and is associated with a poor prognosis. The purpose of this chapter is to clarify the
etiology, clinical picture, and therapeutic strategy of ETP-ALL showing two cases of
this leukemia in our institution.

Cellular origin of ETP-ALL: The normal early T-cell precursors (ETPs) are considered
to be a subset of early thymocytes which are originated from the bone marrow and
subsequently reside in the thymus, retaining multilineage differentiation potential as
the common lymphoid-myeloid hematopoietic progenitors. ETP-ALL is supposed to
be a neoplastic counterpart of ETPs.

Immunophenotype and diagnosis of ETP-ALL: ETP-ALL is characterized by the lack
of expression of T-lineage cell surface antigens (CD1a and CD8, weak or no expression
of CD5) and expression of myeloid and hematopoietic stem cell markers such as CD13,
CD33, CD34, and CD117. These characteristic immunophenotypic profiles have
provided a scoring system or a criterion for the diagnosis of ETP-ALL, which
distinguishes ETP-ALL from classical T-ALL.
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Clinical pictures: Clinical features are not substantially different between ETP-ALL
and classical T-ALL, although ETP-ALL is associated with a higher rate of relapse and
induction failure and a significantly worse overall survival. Two cases of ETP-ALL in
our institution, which exhibited unique clinical pictures, that is, marked intestinal
involvement and lymphoma-like systemic lymphadenopathy, respectively, will be
discussed later in this chapter.

Gene profiles: Whole-genome sequencing studies on ETP-ALL have demonstrated
several recurrent mutations involving genes coding cytokines, RAS signaling
mediators (NRAS, KRAS, FLT3, IL7R, JAK3, LAK1, SH2B3, and BRAF), epigenetic
controllers (EZH2, EED, SUZ12, SETD2, EP300 and DNMT3A), and hematopoietic
transcriptional regulators (GATA3, ETV6, RUNX1, IKZF1, and EP300). These
mutational spectrums are similar to those of acute myeloid leukemia.

Therapeutic strategies: These gene profiles suggest that treatment of ETP-ALL may
benefit from a new chemotherapeutic approach, which is directed to the myeloid or
stem cell natures of this leukemia, such as high-dose cytarabine, or epigenetic or
molecular targeting therapy. Allogeneic stem cell transplantation (allo-SCT) may be
a promising option for the treatment of ETP-ALL.

Conclusion: More precise and extensive cellular and molecular investigations are
required to establish definite cellular origin and genetic or epigenetic nature of ETP-
ALL. Accumulation of ETP-ALL cases and larger clinical trials will establish an
effective therapeutic strategy for this high risk leukemia.

Keywords: Early T-cell precursor acute lymphoblastic leukemia

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a clonal malignant disorder of immature T-
cells that accounts for 10–15% of childhood and 25% of adult ALL patients [1]. Despite the
relatively high morbidity and mortality of T-ALL when compared to B-cell ALL, the prognosis
of T-ALL has dramatically improved following the advancement of chemotherapy, and its
long-term survival has become as high as 85% in both pediatric and adult T-ALL patients [2,
3]. However, a refractory subset of pediatric T-ALL associated with a poor prognosis has
remained. In 2009, a study performed at St. Jude Children’s Research Hospital identified a
distinct subtype of pediatric T-ALL, which was designated as early T-cell precursor ALL (ETP-
ALL) [4]. This new subtype of T-ALL was defined according to the characteristic gene
expression profile and immunophenotypes of the leukemic cells and was found to be associ‐
ated with a high rate of remission induction failure or relapse when the patients were treated
with conventional chemotherapy [4].

The purpose of this chapter is to clarify the recent advances in the biology, genetics, clinical
characteristics, and therapeutic strategy of ETP-ALL and discuss two cases experienced at our
institution.
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2. Cellular origin of ETP-ALL

Normal early T-cell precursors (ETPs) are a subset of thymocytes, which have newly immi‐
grated from the bone marrow to the thymus, and they retain multilineage differentiation
potential, suggesting their direct derivation from hematopoietic stem cells [5-7]. The initial
stage of thymocyte development is characterized by the generation of cells that lack the
expression of CD4 or CD8 antigen. Along with the differentiation of these double negative
cells, a minimum of four distinct differentiation stages have been identified according to the
differential expressions of CD44 and CD25, that is, DN1, DN2, DN3, and DN4 stages. The
potential for myeloid, dendritic, and natural killer cell differentiation is retained at both the
DN1 and early DN2 stages [6]. The ability to confer multilineage differentiation is lost at the
DN3 stage, and provably, at the latter half of DN2 progression [8]. Therefore, it may be
reasonable that the tumor-initiating cells in ETP-ALL could originate from DN1 and/or DN2
thymocytes (Figure 1). However, in recent years, a mouse model of T-ALL using a Sleeping-
Beauty-based transposon system suggested that ETP-ALL may be derived from more mature
T-cells [9]. Thus, the exact cellular origin of ETP-ALL remains to be elucidated.

Figure 1. Early T-cell development and supposed cellular origin of ETP-ALL.

3. Immunophenotyping and diagnosis of ETP-ALL

Immunophenotyping of ETP-ALL cells is characterized by the lack of CD1a and CD8 expres‐
sions, weak CD5 expression (< 75% positive blasts), and the expression of one or more of the
following myeloid or stem cell antigens on at least 25% of the leukemic cells: CD117, CD34,
HLA-DR, CD13, CD33, CD11b, and/or CD65 [4]. Subsequently, a study proposed a scoring
system based on the expression of commonly available eleven markers: CD5, CD8, CD13,
CD33, CD34, HLA-DR, CD2, smCD3, CD4, CD10, and CD56 (Figure 2A) [10]. The specificity
and sensitivity of this scoring system were 100% and 94%, respectively, when applied to the
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patients in the St. Jude cohort (Figure 2B) [10]. Recently, another study attempted to make a
more simple diagnosis of ETP-ALL using the expression of CD5 and concluded that CD5-
negative T-ALL could be diagnosed as ETP-ALL because CD5 negativity was associated with
positive myeloid/stem cell antigens but not CD1a and CD8 expressions (Figure 3) [11].
Currently, precise immunophenotyping is the most important tool to make a diagnosis of ETP-
ALL, and this analysis enables us to distinguish ETP-ALL from classical T-ALL.

Figure 2. A scoring system for immunophenotypical diagnosis of ETP-ALL. A: Scoring system based on the expression
of 11 markers., B: Distribution of total score of 11-marker expression in ETP-ALL patients (right) and T-ALL (left) of
the St Jude cohort. (Extract of Ref.10).

4. Clinical characteristics

Following the early reports from the St. Jude Children’s Research Hospital and the Associa‐
zione Italiana Ematologica Oncologica Pediatrica (AIEOP), comparative studies on the clinical
characteristics between ETP-ALL and classical T-ALL were performed in six institutions: the
Tokyo Children’s Cancer Study Group [10], the Shanghai Children’s Medical Center [12], the
German Multicenter Study Group for adult ALL [13], Colombia University Medical Center
[14], All India Institute of Medical Sciences [11], and the Medical Research Council UK-ALL
2003 trial [15] (Table 1). According to the results of these clinical studies, ETP-ALL was
observed to comprise 5.5–16% of all T-ALL cases. The clinical characteristics were similar
between ETP-ALL and classical T-ALL with regard to gender, hemoglobin concentration, and
central nervous system involvement. However, ETP-ALL patients presented with a lower
white blood cell (WBC) count [11, 12, 15], lower frequency of the mediastinal mass [13, 14],
and higher age (10 years or older) [4, 11] at presentation when compared to those with classical
T-ALL. Regarding the cytogenetic profile, Coustan-Smith et al. reported that ETP-ALL had
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more 13q- and DNA copy number abnormalities than those in classical T-ALL [4]. Conversely,
Allen et al. reported that the majority of patients with ETP-ALL exhibited a normal karyotype
without recurrent cytogenetic abnormalities [14]. The monoclonal rearrangement of T-cell
receptor genes was observed in 71% of the ETP-ALL cases, showing no significant difference
between the two T-ALL subgroups [14].

Table 1. Comparative studies on the clinical characteristics between ETP-ALL and classical T-ALL.

Figure 3. A flowchart for the diagnosis of ETP-ALL based on CD5 expression (Extract of Ref.11).
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As for the prognosis, ETP-ALL is associated with a higher rate of relapse and induction failure.
ETP-ALL is additionally associated with a significantly worse overall survival with a 10-year
event free survival (EFS) and overall survival (OS) rates of 22% and 19%, respectively, as
compared with 69% EFS and 84% OS for all other subtypes of T-ALL, respectively, in the St.
Jude cohort [4]. Similar results were obtained in the cohorts of four other institutions [4, 10-12].
More recently, however, two clinical studies showed no significant differences in the EFS and
OS rates between the patients with ETP-ALL and classical T-ALL [14, 15]. Although the reason
for this discrepancy is unclear, differences in the therapeutic protocol and patient cohort may
have influenced the results of these clinical studies. However, an increased risk of relapse in
the patients with ETP-ALL [4, 10-12, 15], especially children [4, 14], was a common result in
all these previous studies. Thus, larger prospective studies are needed to determine the real
prognosis of this T-ALL subtype.

5. Gene profiles

The expression levels of oncogenic transcription factor genes were examined to establish
genetic profiles of ETP-ALL in the St Jude Children’s Research Hospital and AIEOP studies.
Pediatric ETP-ALL had a higher expression of oncogenic transcription factors: LMO1, LMO2,
LYL1, and ERG [4, 16]. LMO1 and LMO2 are binding partners with hematopoietic basic helix-
loop-helix transcription factors, such as SCL/TAL1 or LYL1. These proteins interact together to
form a transcription factor complex, and they are hypothesized to act through a common
mechanism which leads to oncogenesis of T-ALL [17]. McCormack et al. demonstrated that
LYL1 is critical for the oncogenic function of LMO2, including the upregulation of a stem cell-
like gene signature, aberrant self-renewal of thymocytes, and subsequent generation of T-cell
leukemia in LMO2-transgenic mice. Moreover, LMO2 and LYL1 are co-expressed in leukemic
cells from the patients with ETP-ALL, and LYL1 is indispensable for the growth of ETP-ALL
cell lines [18]. Whole-genome sequencing studies showed that ETP-ALL had a high frequency
of activating mutations in the genes involved in cytokine receptor and RAS signaling (e.g.,
NRAS, KRAS, FLT3, IL-7R, JAK3, LAK1, SH2B3, and BRAF) and inactivating mutations in the
genes encoding key transcription factors involved in hematopoietic development (e.g.,
GATA3, ETV6, RUNX1, IKZF1, and EP300) and involved in epigenetic gene control (e.g., EZH2,
EED, SUZ12, SETD2, and EP300 genes) [16]. The gene mutations which affect cytokine receptor
regulation and/or RAS signaling pathway are observed in two-thirds of ETP-ALL cases but
only in 19% of non-ETP T-ALL cases [16]. These mutational gene spectrums in ETP-ALL are
similar to those in acute myeloid leukemia (AML), but not in T- or B-lineage ALLs. Further‐
more, the global transcriptional profile of ETP-ALL is similar to that of normal hematopoietic
stem cells, AML stem cells, and murine ETP. The activating mutations in the interleukin-7
receptor (IL-7R) gene were reported to be sufficient to generate ETP-ALL in mice, and this
murine ETP-ALL model showed the blockage of thymocyte differentiation at the DN2 stage,
at which the developmental potentials for both myeloid and T-cell lineages coexists [19]. These
findings suggesting ETP-ALL is a neoplasm at the stage of less mature hematopoietic progen‐
itor or stem cells may account for the capacity of ETP-ALL to exert myeloid differentiation.
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Gene expression profiling was also investigated in adult ETP-ALL patients. Whole-exome
sequencing in adult ETP-ALL cells demonstrated a distinct mutation spectrum from that of
pediatric ETP-ALL, particularly in affecting genes involved in epigenetic regulation with
higher frequencies of DNMT3A and FAT3 mutations [20]. DNMT3A, one of the genes for DNA-
methyl-transferase, is a frequent mutational target in AML [21], whereas FAT3 mutations have
been frequently reported in ovarian carcinomas but not AML [22]. The incidence of DNMT3A
mutations showed a clear age relationship [20]. Adult ETP-ALL patients also had mutations
in the genes known to be involved in leukemogenesis, including ETV6, NOTCH1, JAK1, and
NF1. In addition, more than 60% of the adult patients with ETP-ALL harbored at least a single
genetic lesion in DNMT3A, FLT3, or NOTCH1 [20]. Furthermore, adult ETP-ALL showed
higher expression levels of BAALC, IGFBP7, WT-1, and MN1 than those in classical T-ALL [4,
13, 18]. As described above, the high expression of BAALC and ERG were predictive for
unfavorable outcomes in adult T-ALL [23, 24]. IGFBP7 is a stem cell-associated gene, which is
functionally highly related to BAALC and overexpressed in early T-ALL [25]. The WT-1 gene
is commonly overexpressed in AML [26], and its overexpression is associated with a poor
prognosis in thymic T-ALL patients [27]. The overexpression of the MN1 gene is additionally
associated with a shorter survival in the patients with AML without karyotypic abnormalities
[28, 29]. The FLT3 mutations which are frequently observed in AML were found in 37.5% of
the adult ETP-ALL but only in 1–3% of the classical T-ALL patients (37.5%) [13], although these
FLT3 mutations in ETP-ALL more frequently generated tyrosine kinase domain (TDK)
abnormalities rather than internal tandem duplication (ITD) mutations, which are frequently
observed in AML. In relation to the above-mentioned observations, mice that received a
transplant of FLT3-ITD-transduced bone marrow cells developed myeloproliferative diseases,
while those that received a transplant of FLT3-TDK-transduced bone marrow cells developed
lymphoid disorders [30]. Collectively, it may be reasonable to separate ETP-ALL from classical
T-ALL due to the distinct genetic profiles between ETP-ALL and other T-ALL subtypes, and
the characteristic gene profile of ETP-ALL may provide new therapeutic strategies for this
leukemia.

6. Therapeutic strategies

Coustan-Smith et al. previously reported that the patients with ETP-ALL showed a poor initial
response to standard intensive chemotherapies and unfavorable outcomes [4]. Subsequently,
six clinical studies showed that ETP-ALL was associated with a very high risk for relapse,
whereas two additional studies showed no significant differences in both the EFS and OS rates
between the patients with ETP-ALL and classical T-ALL [14, 15]. In the TLLSGL99-15 study,
three of four relapsed ETP-ALL patients were successfully treated with allogenic hemato‐
poietic stem cell transplantation (allo-SCT), indicating that allo-SCT could be an effective
therapeutic option for ETP-ALL [10]. Prior to this report, the Berlin-Frankfurt-Munster group
showed that allo-SCT was superior to chemotherapy alone for high-risk childhood T-ALL [31].
The UKALL 2003 study, which showed better outcomes of ETP-ALL, suggested the beneficial
effects of a more intensive chemotherapeutic regimen and the employment of dexamethasone
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and pegylated asparaginase [15]. High-dose cytarabine combined with epigenetic treatment
may be a promising option for ETP-ALL according to the results of whole-genome sequencing,
which showed that the mutational spectrum of ETP-ALL was similar to that of AML and that
the transcriptional profile was similar to that of normal hematopoietic stem cells and granu‐
locyte-macrophage progenitor cells [4], although these hypotheses need to be proven in future
investigations. Additionally, other potential targets have been suggested according to the
genetic alterations in the transcription factors. Stat4 phosphorylation was observed in IL-7R
mutant-induced ETP-ALL cell lines, and consequently, ruxolitinib which is a selective JAK1
and JAK2 inhibitor, was shown to inhibit the proliferation of cells from the ETP-ALL cell lines
and prolong the survival of mice xeno-transplanted with the IL-7R mutated ETP-ALL cells [19].
Tyrosine kinase inhibitors may be effective when FLT3 mutations harboring ETP-ALL are
molecularly targeted [13]. The antiapoptotic B-cell lymphoma-2 (BCL-2) protein is another
attractive molecular target. BCL-2 is highly expressed in ETP-ALL and gradually decreases its
expression along with the differentiation toward mature T-cells. ABT-199, an orally bioavail‐
able BCL-2 specific inhibitor, was demonstrated to induce apoptosis of ETP-ALL cells from
patients with this subtype of leukemia and dramatically reduced the tumor burden in the bone
marrow, spleen, and peripheral blood in mice transplanted with ETP-ALL patient-derived
xenografts [32, 33]. In addition, a WT-1 peptide cancer vaccine may be a therapeutic option for
relapsed patients or those with minimal residual disease in WT-1-overexpressed ETP-ALL,
because this approach has demonstrated objective clinical responses in other hematological
neoplasms and solid tumors [34].

7. Case study

For a better understanding of ETP-ALL, we herein present two cases of ETP-ALL in our
institution, which exhibited unique clinical pictures.

Case 1: A 24-year-old man developed epigastralgia and low-grade fever four months before
the admission to our hospital. On gastrofiberscopy performed in a hospital, multiple non-
ulcerative mucosal nodules were observed. A biopsy specimen from the nodule histologically
showed diffuse infiltration of small lymphocytes, which were positive for CD3, CD7, CD8, and
CD56 but negative for TIA-1, Epstein-Barr virus-encoded small RNAs-in situ hybridization
(EBER-ISH), and a suspected pathological diagnosis was lymphomatoid gastroenteropathy.
Three months later, the patient was admitted to our hospital due to the exacerbation of
abdominal distress. On this admission, he presented with multiple ulcerative nodules in the
gastric mucosa (Figure 4), marked wall thickening of the small intestine, hepatosplenomegaly
(Figure 5) and multiple nodular lesions in the bilateral lungs. A histological examination of
the biopsied gastric mucosal nodule showed dense infiltration with small immature lympho‐
cytes (Figure 6). The WBC count elevated to 3.83×109/L with 55% immature lymphocytes
(Figure 7). Flow cytometry indicated that these cells were positive for cyCD3, CD7, CD8, CD13,
and CD56 (partially), but negative for CD2, smCD3, CD34, TdT, B-cell antigens, and cytoplas‐
mic myeloperoxidase (MPO). A multiplex PCR analysis for TCRγ chain and immunoglobulin
heavy chain genes yielded negative results regarding the monoclonal gene rearrangements. A
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cytogenetic examination of the bone marrow cells, including abundant leukemic cells, gave a
normal karyotype of 46, XY. He was subsequently diagnosed with ETP-ALL according to these
immunophenotypes of abnormal lymphocytes, which fulfilled the criteria of the TCCSG
L99-15 study scoring system but not the St. Jude Criteria due to the CD8 positivity. Although
the leukemia was resistant to CHOP (cyclophosphamide, adriamycin, vincristine, and
prednisolone) and SMILE (dexamethasone, methotrexate, ifosfamide, L-asparaginase, and
etoposide) [35] regimens, a complete remission (CR) was obtained with the MEC regimen
(mitoxantrone, etoposide, and cytarabine) followed by nelarabine. He underwent unrelated
allogeneic bone marrow transplantation and is currently maintaining CR. Importantly, a
marked intestinal involvement at presentation has not been reported in ETP-ALL.

Figure 4. Gastrofiberscopy of Case 1 on admission to our hospital. Multiple ulcerative nodules were visible on the gas‐
tric mucosa.

Case  2:  An  83-year-old  female  who  presented  with  generalized  lymphadenopathy  was
referred to our hospital. She was tentatively diagnosed with peripheral T-cell lymphoma-
unspecified according to the findings from a biopsy specimen from a cervical lymph node,
which  histologically  showed  diffuse  infiltration  of  CD3-positive  lymphocytes  and  a
proliferation  of  Langerhans  cells  without  dysplastic  features.  The  lymphadenopathy
disappeared after CHOP chemotherapy; however, blast cells (Figure 8A) appeared in the
peripheral blood and rapidly increased in number without recurrence of the lymphadenop‐
athy after the fourth round of CHOP chemotherapy. The blast cells expressed cyCD3, CD7,
CD56, CD33, and CD34, but not CD2, smCD3, CD4, and CD8. PCR of the TCRγ chain gene
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demonstrated a monoclonally rearranged faint  band.  These blast  cells  were negative for
MPO staining; however, some of the cells were weakly positive for both α-naphthyl butyrate
(Figure 8B) and naphthol AS-D chloroacetate esterase staining (Figure 8C), suggesting their
ability  to  differentiate  toward  monocytes  and  granulocytes.  A  chromosomal  analysis
revealed  an  abnormal  karyotype  of  46,  XX,  t(12;20)(q13;q11.2)  in  seven  of  the  20  bone
marrow  cells  analyzed.  A  final  diagnosis  of  ETP-ALL  was  made  according  to  these
immunophenotypes, which fulfilled both the TCCSG L99-15 study scoring system and St.
Jude criteria. Her leukemia was resistant to any chemotherapeutic protocols for lympho‐
ma, ALL, and AML, and she ultimately died due to disease progression.

Figure 5. Contrast CT scanning of the abdomen (coronal image) in Case 1. Marked hepatosplenomegaly and wall
thickening of the small intestine (arrows) were observed.

Figure 6. Histology of the biopsied gastric mucosal nodule in Case 1. Diffuse and dense infiltration of immature lym‐
phocytes is shown (H-E staining, 100×).
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Figure 8. Abnormal lymphocytes in the peripheral blood in Case 2. A: Wright-Giemsa staining, 1,000×); B: a-naphthyl
butyrate esterase staining; C: naphthol AS-D chloroacetate esterase staining. Esterase staining was performed using a
kit for double esterase staining (Muto Pure Chemicals, Tokyo, Japan).

In both cases, it was difficult to make a precise diagnosis with a histopathological strategy, and
the immunophenotypic analysis was crucially important to determine the final diagnosis. Both
cases are very interesting in terms of the phenotypic presentation reflecting an oncogenic
development at the level of granulocyte-macrophage-T-cell progenitors in early normal
hematopoiesis. In addition, morphologically, leukemic cells in these two cases had a slightly
condensed chromatin network of the nucleus when compared with that of classical ALL blasts
and these nuclei were irregular in shape.

8. Conclusion

More precise and extensive cellular and molecular investigations are required to establish the
definite cellular origin and genetic or epigenetic nature of ETP-ALL. An accumulation of ETP-
ALL cases and larger clinical trials will establish effective therapeutic strategies for this high-
risk leukemia.

Figure 7. Abnormal lymphocytes in the peripheral blood in Case 1 (Wright-Giemsa staining, 1,000×).
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Abstract

Two human retroviruses, identified as the human T-cell leukemia virus type 1
(HTLV-1) and human immunodeficiency virus type 1 (HIV-1), have been shown to
affect millions of people worldwide. In the context of coinfection, the impact of their
interactions with respect to HTLV-1-induced adult T-cell leukemia and neurologic
disease as well as HIV-1 disease progression has been an understudied area of in‐
vestigation. HTLV-1/HIV-1 coinfections occur frequently, particularly in large met‐
ropolitan areas of the Americas, Africa, Europe, and Japan. The retroviruses
HTLV-1 and HIV-1 share some similarities with regard to their genetic structure,
general mechanisms of replication, modes of transmission, and cellular tropism;
however, there are also significant differences in the details of these properties as
well, and they also differ significantly with respect to the etiology of their pathogen‐
ic and disease outcomes. Both viruses impair the host immune system with HIV-1
demonstrated to cause the hallmark lethal disease known as the acquired immune
deficiency syndrome (AIDS), while HTLV-1 infection has been shown to cause sev‐
eral different forms of T-cell leukemia. In addition, both viruses have also been
shown to cause a spectrum of neurologic disorders with HIV-1 shown to cause an
array of neurologic syndromes referred to as HIV-1-associated neurologic disorders
or HAND, while HTLV-1 has been shown to be the etiologic agent of HTLV-1-asso‐
ciated myelopathy/tropical spastic paraparesis or HAM/TSP. The natural history of
the coinfection, however, is different from that observed in monoinfections. Several
studies have demonstrated utilizing a number of in vitro models of HTLV-1/HIV-1
coinfection that the two viruses interact in a manner that results in enhanced ex‐
pression of both viral genomes. Nevertheless, there remains unresolved controversy
regarding the overall impact of each virus on progression of disease caused by both
viruses during the course of coinfection. Although combination antiretroviral thera‐
py has been shown to work very effectively with respect to maintaining HIV-1 viral
loads in the undetectable range, these therapeutic strategies exhibit no benefit for
HTLV-1-infected individuals, unless administered immediately after exposure. Fur‐
thermore, the treatment options for HTLV-1/HIV-1-coinfected patients are very lim‐
ited. In recent years, allogeneic stem cell transplantation (alloSCT) has been used for
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the treatment of leukemia. In this regard, the case of a leukemic patient positive for
HIV-1 who was cured of their HIV-1 infection while treated with alloSCT for acute
myeloid leukemia has also been examined with regard to impact on HIV-1 disease.

Keywords: HIV-1, HTLV-1, coinfection, ATL/ATLL, HAM/TSP

1. Introduction

HTLV-1/HIV-1 coinfection is very common among drug users, particularly in metropolitan
areas [1, 2]. It is estimated that in endemic areas, 10% of HIV-1-infected patients are coinfected
with HTLV-1 [3]. The frequency of HTLV-1 and HIV-1 coinfections is on the rise, especially in
Africa and South America [4]. Both HTLV-1 and HIV-1 are retroviruses capable of integrating
their proviral DNA genome into the host cell chromosome, thereby establishing a latent
infection, both of which share quiescent CD4+ T cells as their primary target. However, the life
cycle, pathogenesis, and clinical syndromes of these two viruses after infection are very
different within this cellular compartment [5, 6]. In the absence of therapeutic intervention,
there is a striking difference in the prevalence of disease caused by the two viruses with overt
clinical disease far less common after HTLV-1 infection, perhaps because HTLV-1 has existed
within the human population for far longer than HIV-1 and therefore may be more highly
adapted to its human host. This could explain why HTLV-1 has been shown to cause T-cell
transformation and clonal expansion of immortalized cells, whereas HIV-1 induces CD4+ T-
cell death [7]. Since the first cases of HIV-1 were reported early in the 1980s, there has been
much progress with respect to investigating the viral replication cycle, mechanisms of
pathogenesis, as well as the diagnosis and treatment of HIV-1 infection. There are now more
than 30 antiretroviral drugs available for the management of HIV-1 infection, with them, their
modes of inhibition and novel drug discovery techniques have been reviewed previously [8].
A number of drug combinations have been shown to be quite effective with regard to reducing
HIV-1 titers to undetectable levels with subsequent maintenance of this well-controlled state
for many years if not decades, yet they do not cure individuals because the drugs are effective
against actively replicating virus and not the latent, integrated provirus. In the absence of
treatment and subsequent to the development of drug resistance, particularly in the precom‐
bination antiretroviral therapy (cART) era, HIV-1 has been shown to induce severe immuno‐
suppression leading to AIDS with the ultimate development of opportunistic infections and
cancers. In the case of HTLV-1 infection, most patients remain asymptomatic for many years
before the onset of disease. In contrast to HIV-1, only a small percentage of untreated HTLV-1
carriers develop clinically apparent disease [9, 10]. HTLV-1 may cause neurologic problems,
skin and inflammatory disorders, leukemia, and leukemia/lymphoma [9, 10]. The treatments
available for HTLV-1-related complications are limited, and the antiretrovirals used to treat
HIV-1 infection are not efficacious unless taken early after first contact with the virus [6] when
viral replication is responsible for expansion in the number of infected cells as compared to
expansion of infected cells by cell division with the associated integrated HTLV-1 provirus
expanding within the transformed cell population in the absence of infectious HTLV-1
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production [5]. The clinical implications and the molecular interactions between HTLV-1 and
HIV-1 remain understudied. The management of patients coinfected with HTLV-1/HIV-1 is
clearly a challenge. Although it is well known that both HTLV-1 and HIV-1 may cause
progressive diseases within the central nervous system, the focus here will center on the
interaction of these two retroviruses within the immune system and more specifically examine
the impact of HIV-1 infection on the leukemogenic process induced by HTLV-1 in coinfected
individuals as well as the impact of HTLV-1 infection on HIV-1 disease. A summary of the
epidemiology of the two viruses within the human population is shown in Table 1.

HIV-1 HTLV-1

Prevalence 35 million people 20 million people

Transmission ⋅ Sexual transmission
⋅ Parenteral transmission (blood
transfusions, organ transplantation, and via
infected sharp objects)
⋅ Mother to child (breast-feeding and during
delivery)

⋅ Sexual transmission
⋅ Parenteral transmission (blood transfusions,
organ transplantation, and via infected sharp
objects)
⋅ Mother to child (breast-feeding and during
delivery)

Endemic areas Africa, Eastern Europe, South Asia, and
China

Caribbean region, Central Africa, and South
Japan

Table 1. Epidemiological comparison of HTLV-1 and HIV-1 infection and disease

2. Introduction to Human T-cell Leukemia Virus type 1 (HTLV-1)

HTLV-1 is a single-stranded positive-sense RNA, a type C retrovirus, and the etiologic agent
of adult T-cell leukemia (ATL) or adult T-cell leukemia/lymphoma (ATLL) and a progressive
neuroinflammatory disease known as HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP), with some similarities to multiple sclerosis due to the progressive
destruction/loss of myelination [11] (also reviewed in [68]). It was the first human retrovirus
discovered [10, 12] and isolated in the United States in the late 1970s, with parallel discoveries
by investigators in Japan [13–15]. In this regard, in the United States, HTLV-1 particles were
detected in fresh peripheral blood lymphocytes and in the T-cell lymphoblastoid cell lines,
HUT 102 and CTLC-3, derived from a 28-year-old African American man suffering from
cutaneous T-cell lymphoma [13]. At nearly the same time, the Japanese investigators isolated
HTLV-1 from a series of cell lines derived from cases of adult T-cell leukemia [13, 15]. Over
the years, HTLV-1 has been shown to be associated with the human population for a much
longer period of time than the HIV-1 with HTLV-1 being detected in remains of a 1,500 Chilean
mummy [16], while HIV-1 sequences have been detected in humans only as far back as the
1920s, many decades before its discovery in the mid-1980s. Based on extensive studies
performed over the past three to four decades concerning clinical parameters, epidemiology,
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molecular biology and virology, immunology, cancer biology, neurobiology, and immune-
and neuropathogenesis of HTLV-1 infection, the virus appears to be much more adapted to
the human population with greater than 95% of the infected individuals harboring the virus
asymptomatically with only small percentages of individuals presenting with symptomatic
disease in the form of leukemia or neurologic disease [9, 17]. This epidemiologic pattern is
quite different than the widespread highly lethal disease of the immune and nervous systems
caused by the HIV-1 in the absence of highly active antiretroviral therapy (HAART) [18] (also
reviewed in [19]).

2.1. HTLV-1 genetic architecture and viral replication

The HTLV-1 genome comprises four main genetic components that include gag, pol, env, and
pX sequences (Figure 1). The gag, pol, and env genes encode the structural proteins and
enzymatic proteins, with a 5 and 3 long terminal repeat (LTR) at each end of the genome, typical
of all viruses in the Retroviridae family. Gag proteins have been designated the group-specific
antigens, which encode the inner virion structural components such as matrix, capsid, and
nucleocapsid. The pro and pol genes encode the protease, integrase, and viral RNA-dependent
DNA polymerase or reverse transcriptase, respectively, and the env gene that encodes the viral
surface and transmembrane envelope proteins [63]. What makes HTLV-1 unique compared to
other retroviruses is the pX region. This region encodes multiple accessory and regulatory
proteins that give HTLV-1 its unique phenotype, one of which is the multifunction oncoprotein
Tax. Tax has been shown to alter the course of gene expression at a number of points during
the course of viral infection and in this regard has been shown to regulate viral replication,
modulate cellular gene expression, induce inflammation, and block apoptosis to pinpoint just
a few, with many of its functions being identified by Tax mutagenesis [20]. More importantly,
this protein is known for its ability to transform T lymphocytes into cancerous leukemic cells,
as described in the following sections. HTLV-1 infection of susceptible cells via transmission
involving transfer of virus from an infected cell to an uninfected cell occurs very efficiently as
a result of specific cell–cell interactions and less efficiently from cell-free viral particle-driven
transmission [21–23]. The replication cycle of HTLV-1 begins with the interaction between the
viral Env glycoproteins and the specific cellular receptor proteins. At least three cellular
receptors have been found to facilitate viral attachment and entry into the cell, and these
include the glucose transporter 1 (GLUT1) [24, 25], neuropilin-1 (NRP-1) [26–28], and heparan
sulfate proteoglycans (HSPG) [29–31]. During the membrane fusion process and after entry of
the viral capsid into the cytoplasm, the viral genomic RNA is reverse transcribed into DNA,
by the viral particle-associated reverse transcriptase. During the process of reverse transcrip‐
tion, the newly synthesized proviral DNA is transported to the nuclear membrane. After the
translocation of the proviral DNA into the nucleus, it is subsequently integrated into the host
cell chromosomal material, which is catalyzed by the activity of the viral-encoded, particle-
associated integrase. Following integration, the transcription of viral RNAs and the translation
of viral proteins are carried out by host machinery with the subsequent assembly of viral
particles and release of infectious virions into the extracellular environment.
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Figure 1. HTLV-1 genomic architecture. A schematic representation of the proviral genome organization, open reading
frames, and viral products of HTLV-1. The organization of the ~9-kb genome is depicted along with the genes and
their transcriptional splicing.

2.2. HTLV-1 infectivity, transmission, and pathogenesis

Although the tropism of HTLV-1 may not represent a direct representation of cells that can be
infected in vivo, studies performed in vitro are often performed to get an approximation
regarding the cell types that may be targeted by a virus during the course of in vivo infection.
If proven susceptible and productive for viral replication, these cell types may then be used
for virus propagation or studies concerning viral pathogenesis. In this regard, during in vitro
propagation of HTLV-1, a wide variety of non-T-cell types have been shown to be susceptible
to viral infection, including human primary endothelial cells [32], monocytes [33], microglial
cells [33], B cells [34], mammary epithelial cells [35], and dendritic cells (DCs) [36], although
the relative level of viral production between the different cell types was shown to differ
greatly. In parallel with these observations, HTLV-1 infection in vivo has been shown to occur
primarily in CD4+ T-cell subsets and to a lesser extent in CD8+ T cells in both asymptomatic
and symptomatic HTLV-1-infected patients [37]. Furthermore, Koyanagi and colleagues [37]
demonstrated HTLV-1 tropism for CD8+ T cells, monocytes, and B cells in the majority of the
asymptomatic HTLV-1-positive individuals studied, as well as in patients with HTLV-1-
related ATL or HAM/TSP. Other groups have also confirmed these observations and have
reported that HTLV-1 also infects macrophages [37], DCs [38], synovial fluid cells [39], and
astrocytes [40] among others when the target cells are examined in vivo. Perhaps of great
importance in the pathogenesis of HTLV-1-associated neurologic disease is the penetration of
the virus into the bone marrow compartment with increasing numbers of HTLV-1 DNA+/
RNA-progenitor cells detected in patients suffering from HAM/TSP as compared to patients
with ATL [41], thus further demonstrating another layer of complexity with respect to target
cell identification that likely involves latency, immune invasion, and adaptation to the host.

HTLV-1 has been shown to be transmitted primarily via three routes: (i) mother-to-child
transmission [42], (ii) sexual intercourse [43], and (iii) parenteral transmission. The vertical
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transmission of HTLV-1 from mother to child occurs via the transfer of maternally infected
lymphocytes to the fetus or newborn through the placenta [44], during delivery [45, 46], or by
breastfeeding [47]. Sexual transmission is a common route of HTLV-1 transmission. Sexual
transmission of HTLV-1 occurs more efficiently from male to female than from female to male.
This might be due in part to the higher numbers of HTLV-1-infected lymphocytes found in
semen than in vaginal secretions [48]. The parenteral transmission of HTLV-1 includes blood
or cellular blood products transferred during the transfusion process [49], organ transplanta‐
tion [50], and possibly percutaneous exposure of the virus via sharing of contaminated objects
such as razor blades and needles, particularly among drug users and healthcare workers [48].
Parenteral transmission represents a large proportion of infected individuals. Regardless of
how the virus is acquired, the infected cells produce numerous progeny virion. Particularly in
the case of T lymphocytes, they too are activated and clonally proliferate, further driving the
expansion and number of cells harboring provirus DNA.

2.3. Cancers and other diseases associated with HTLV-1 infection

Currently, there are approximately 20 million individuals living with HTLV-1 worldwide [7].
In highly endemic regions such as the Caribbean Basin, Central Africa, and southern Japan,
more than 1% of the population is infected with HTLV-1 (reviewed in [51] and [52]). Approx‐
imately 95% of the individuals infected with HTLV-1 remain as asymptomatic carriers
throughout their lives [9, 17]. As previously indicated, HTLV-1 is the etiological agent for
causing two distinct disease phenotypes, ATL and HAM/TSP, the first involving a CD4+ T-cell
malignancy and the second involving a progressive neurological disease. Interestingly, the
specific response of the immune system to the virus seems to influence which clinical mani‐
festation presents and likely includes other factors such as route of transmission, host genetics,
and perhaps aspects of viral genetics.

Less than 5% of the HTLV-1-infected individuals develop ATL after a long period of latency,
which in some cases can be greater than 50 years [53]. ATL is more prevalent in men than in
women with a median onset age of 55 years. ATL can present as four overlapping clinical
manifestations that are broken down into smoldering, chronic, acute, and lymphoma [54, 55].
Approximately 5% of the patients with ATL have been shown to develop the smoldering type
of disease presenting with a number of minor symptoms with leukemic cells infiltrating the
skin causing surface lesions leading to a breach in the epithelial layer of the skin [56]. It has
been estimated that 20% of the HTLV-1-positive patients will develop a chronic form of the
disease. These patients experience similar manifestations as individuals with smoldering ATL,
but they also develop abnormalities in their viscera, leading to impairment of spleen, liver,
and lymphatic functions as well as a slight increase in the levels of leukemic cells [54].

In the acute phase of ATL, the disease progresses quickly, and patients exhibit generalized
swelling of the lymph nodes, elevated calcium and lactate dehydrogenase levels, impairment
of liver and spleen function, skin lesions, bone wounds, and release of cytokines by malignant
cells. All of these abnormalities cause patients to experience fever, cough, malaise, dehydra‐
tion, lethargy, shortness of breath, and inflammation of the lymph nodes. About 55% of
patients with ATL experience the acute form of the disease. Furthermore, around 20% of the
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ATL cases are of the lymphoma type, and they experience inflammation of the lymph nodes,
with no evidence of leukemic cells in the periphery, and general suppression of their immune
system function as summarized in Figure 2. The survival rate associated with ATL from the
time of first disease manifestations is approximately 24.3, 10.2, and 6.2 months for the chronic,
lymphoma, and acute types, respectively [55]. The actual process of transforming T lympho‐
cytes and developing ATL is dependent on the HTLV-1 oncoprotein Tax in part as well as a
number of other factors indicated above.

Figure 2. Summary of pathogenic forms of HTLV-1-induced leukemia. A summary of disease outcomes and sympto‐
matology during the course of HTLV-1-induced leukemia.

Like most other RNA viruses, due to the constraints of genome size, as compared to larger
DNA viruses, the proteins they encode usually have multiple functions. The multifunction
oncoprotein Tax is a 353 amino acid phosphoprotein that is a transcriptional activator of the
LTR, and the protein is primarily responsible for transformation of T lymphocytes. It has been
shown that selected domains of Tax are responsible for interacting with the host transcription
factors NF-κB, ATF/CREB, Sp1, Ets-1, and many others in conjunction with their cognate
binding sites. This leads to enhanced chromatin remodeling, transactivation of the LTR,
activation of host genes, and enhanced viral gene expression. More importantly in the process
of cellular transformation is its chronic activation of signaling pathways (JAK/STAT), expres‐
sion of cytokines and their receptors (IL-2, IL-2Rα), and interaction with cellular tumor
suppressors (p53) and cell cycle kinases and regulators (p15, p16, and p21), to name a few, all
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of which increase the probability of uncontrolled cell division and transformation exhaustively
reviewed [10, 57, 58]. As of now, it is not fully understood how and why Tax, which is a strong
inducer of transformation, only induces ATL in 5% of infected individuals. This could be, in
part, the immune system efficiently removing infected cells and/or combating Tax with specific
host restriction factors. Additionally, Tax has been shown to be secreted from infected cells
and have bystander effects, such as pro-inflammatory cytokines and the infiltration of Tax-
specific CD8+ T cells into the CNS, thus playing a part in HAM/TSP [59–64].

HTLV-1 infection also causes HAM/TSP, a neuroinflammatory disorder that mostly affects the
spinal cord and brain due to chronic proinflammatory cytokines, the destruction of myelin,
and the cells that secrete it, oligodendrocytes [64–66]. It was first thought that there might be
a hormonal component regulating HAM/TSP, as it occurs more frequently and progresses
more rapidly in women than in men, particularly if the first signs of disease occur before
menopause [67]. The onset of HAM/TSP usually happens after 20–30 years of latency [4], and
the average age in which patients experience the first signs of disease is about 43 years of age
[68]. The early phase of HAM/TSP is presented with a profound inflammatory response
resulting in lower back pain, weakness in the lower limbs, and impairment of urinary and
sexual functions. Eventually, a chronic degenerative disorder develops characterized by the
progressive loss of myelin in the thoracic and lumbar regions of the spinal cord [67]. Damage
to the central nervous system (CNS) also occurs in patients with HAM/TSP, likely mediated
by particular cells of the immune system such as CD4+ T cells, CD8+ T cells, DCs, and cells of
the monocyte–macrophage lineage. For instance, it has been proposed (28) that at least three
mechanisms participate in the process of myelin degradation that occurs in HAM/TSP: (i)
direct injury caused by CD8+ T cells, (ii) damage mediated by an uncontrolled cytokine storm,
and (iii) an autoimmune response. Previous studies have shown that infiltrating activated Tax-
specific CD8+ cytotoxic T lymphocytes (CTLs) in the peripheral blood and cerebrospinal fluid
(CSF) induced lysis of HTLV-1-infected cells triggering a pro-inflammatory cytokine storm.
There is evidence that HTLV-1 has been found in the CNS. The release of pro-inflammatory
factors such as TNF-α and IFN-γ secreted by activated CD8+ CTLs injures the CNS. Further
damage may occur as a result of the molecular mimicry between the Tax protein and the
neuronal antigen heterogeneous ribonuclear protein-A1 (hnRNP-A1), which may cause an
autoimmune response [69].

Both HTLV-1 and HIV-1 have been shown to penetrate the bone marrow to varying degrees
during the course of monoinfection, and it is assumed to be the case during the course of
coinfection with both viruses but less information is available in this regard. Clearly, the
relative penetration of the two viruses into the bone marrow compartment during the course
of coinfection may have dramatic effects on HTLV-1- and HIV-1-induced pathogenesis and
disease caused by either viruses, and these pathogenic processes will also be a subject of this
review. These interactions may periodically alter the balance between immune control and
HTLV-1 infection, and the periodic imbalance has also been associated with the etiology of
other inflammatory diseases such as arthropathy, pulmonary alveolitis, uveitis, dermatitis,
Sjögren’s syndrome, Behçet’s disease, thyroid disease, prostatitis, cystitis, hepatitis, polymyo‐
sitis, arthritis, and a sarcoidosis-like disorder [67].
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3. Introduction to HIV-1 infection, pathogenesis, and disease

In 1981, the first cases of AIDS were reported in the United States. At the beginning of the
epidemic,  AIDS  was  first  identified  in  homosexual  men  and  drug  users.  However,  the
epidemic rapidly spread to the general population primarily by heterosexual intercourse
[70]. In 1983, a retrovirus was isolated at the Pasteur Institute in France from a lymph node
biopsy  from  a  homosexual  man  with  lymphadenopathy  presenting  with  AIDS-like
symptoms [71].  Almost  in  parallel  at  the  National  Cancer  Institute  in  Bethesda,  United
States, the same virus was identified from samples of patients suffering from AIDS [72]. In
1986, the virus was named the human immunodeficiency virus (HIV) and demonstrated to
be the causative agent of AIDS [73].

There are two types of HIV, HIV type 1 (HIV-1) and HIV type 2 (HIV-2), which are genetically
and morphologically related viruses that share similarities in their mechanisms of replication
and transmission. However, HIV-1 and HIV-2 differ in clinical disease progression and
geographical distribution. HIV-1 leads to overt disease much faster than HIV-2, with world‐
wide distribution, whereas HIV-2 infections are more prevalent in West Africa [74]. HIV-1 is
divided into four genetically different groups: M (main), O (outlier), N (non-M, non-O), and
P. The group M, which accounts for 98% of the HIV-1 cases worldwide, is further classified
into nine subtypes, with subtype B being the most prevalent within North America [75].

3.1. HIV-1 genetic architecture, entry, and viral replication

HIV-1 is also a type C retrovirus that belongs to the genus lentivirus. On a genomic level, HIV-1
is similar to HTLV-1 in a number of aspects. They both contain 5 and 3 LTR and gag, pol, and
env genes. However, HIV-1 lacks the pX region and encodes for other accessory proteins that
have some overlapping function with those of HTLV-1. HIV-1 proviral DNA encodes for the
accessory proteins Tat, Vpu, Nef, Vif, Rev, and Vpr (Figure 3) [6, 76]. Tat is similar in function
to Tax in the sense it can transactivate the LTR but does not function in cell transformation.
Similarly, both Rev and Rex function to export unspliced and singly spliced RNAs from the
nucleus. While HIV-1 shares sequence similarity at the genome level, it has been shown to
utilize a different receptor for entry.

The HIV-1 envelope glycoprotein gp120 is the trimeric spike on the surface of the virion that
has been shown to mediate attachment to the host target cells by engaging the CD4 receptor
embedded in the plasma membrane. Subsequent structural changes mediate the exposure and
interaction of the V3 region of gp120 to the chemokine coreceptors, either CXCR4 or CCR5
(although others have also been identified to facilitate this process as well), depending on V3
sequence and charge, and mediate fusion of the viral plasma membrane with the host cell
membrane. Once the particle has been internalized, the capsid and associated viral enzymes
and RNA remain associated in the cytoplasm in a capsid-like structure, where the viral reverse
transcriptase continues to be transcribed from viral RNA to DNA (a process that is likely
initiated as the viral particle interfaces with the cell surface proteins involved in viral entry).
As the reverse transcription process continues to completion, the capsid structure transitions
to a preintegration complex (PIC) containing the reverse transcriptase, integrase, capsid, and
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Vpr, and this structure has been shown to be transferred to the nuclear membrane. After entry
into the nucleus, the proviral DNA genome is integrated into the host cell chromosome, with
recent studies characterizing integration site preference and how it changes with disease
progression [77–79]. Once integrated, the proviral DNA becomes part of the cellular chromatin
environment and subjected to host machinery involved in the processes of transcription and
translation. In conjunction with a number of cellular transcription factors and the viral
transactivator proteins Tat and Vpr, transactivation directed by the LTR-driven contained
within the integrated provirus is initiated and used as a template for the transcription of viral
genomic RNAs and viral mRNAs with the subsequent translation of these viral mRNA into
structural, enzymatic, and accessory proteins. From there, the viral polyproteins an proteins
are recruited and aggregate primarily in the vicinity of the plasma membrane, resulting in the
formation and release of mature infectious virions as previously reviewed [80, 81].

3.2. HIV-1 infectivity, transmission, and pathogenesis

As a result of studies performed in cell lines and primary human cells cultured in vitro,
transplanted human cells maintained in vivo in engineered animals, and primary cells
examined in an ex vivo experimental environment, HIV-1 has been shown to most efficiently
infect activated CD4+ T cells [82], although these cells do not need to be activated in order for
infection to occur [83]. Both HIV and HTLV-1 share CD4+ T cells as their cell target, which was
further demonstrated by complementation viral envelopes for each other [84]. In addition to
the CD4+ T-cell compartment, a number of other human cellular compartments are infected
by HIV-1, including cells of the monocyte–macrophage lineage, some subsets of dendritic cells,
microglial cells and astrocytes within the brain, hematopoietic progenitor cells, and endothelial
cells lining the blood-brain barrier [85, 86].

Studies performed in vitro have shown that all HIV-1 isolates infect activated peripheral blood
mononuclear cells (PBMCs). Some isolates are able to infect CD4+ T-cell lines, T-cell leukemia

Figure 3. HIV-1 genomic architecture. A schematic representation of the proviral genome organization open reading
frame and viral products of HIV-1. The organization of the ~10-kb genome is depicted along with the genes and their
transcriptional splicing.
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cell lines, and monocyte-derived macrophages (MDMs). The target cell population and
coreceptor utilization seems to change during disease progression, and the once clear distinc‐
tion between CXCR4-utilizing or X4 versus the CCR5-utilizing or R5 viruses as compared to
the designations referred to as T-tropic and M-tropic now seems to be also guided by the
relative utilization of different levels of the CD4 receptor present on T cells and cells of the
monocyte–macrophage lineage [87]. During the acute phase of infection and to a lesser extent
at later times during the course of disease, primarily due to cART combating replication
competent virus, HIV-1 infects CD4+ T-cell populations, with the resting memory CD4+ T cells
establishing a latent HIV-1 reservoir. The majority of activated and infected CD4+ T cells will
be eliminated, and during this T-cell depletion phase, a portion of the activated CD4+ T cells
will undergo a reprogramming of transcription and translation to allow them to survive and
differentiate into a resting memory cell phenotype. This resting memory CD4+ T-cell can
contribute to the latent reservoir because it was infected and then differentiated into a resting
memory cell or as the cell was differentiated into a memory cell it became infected; regardless
of the mode of infection, the HIV-1 provirus survives, along with a substantial number of
defective proviral genotypes [78, 79]. Because memory CD4+ T cells live for many years, with
a predicted half-life of 44 months [79, 88], these cells maintain one of the critical latent reservoirs
of HIV-1 and a complicating factor in the pursuit to identify an effective means to cure the
HIV-1-infected individual by a new generation of treatment strategies. However, there are
very likely a number of additional cellular reservoirs that facilitate the persistence of HIV-1
during prolonged cART. For example, cells of the monocyte–macrophage lineage in the
peripheral blood and other lymphoid tissues, resident macrophages of the central nervous
system, astrocytes, DCs, follicular dendritic cells (FDCs), hematopoietic progenitor cells
(HPCs) in the bone marrow, and specialized epithelial cells within the kidney likely play a role
in maintaining HIV-1 during clinical latency prior to the start of any form of therapy despite
ongoing immune surveillance and after the start of cART [85]. Each of these cell types present
a unique challenge with respect to a cure based on the IR rate of cell turnover, the relative
proviral genome transcriptional competency, the innate capacity of the virus to move out of
the reservoir, the continued production of infected cells from infected precursors, and the poor
drug penetrating ability into these physiological niches, with resting memory CD4+ T cells and
cells within the brain and bone marrow being prime examples.

It has been suggested that HIV-1 can be transmitted via free virus or HIV-1-infected cells
present in infected blood and body fluids that enter the blood stream of an uninfected
individual. The three routes of HIV-1 transmission are (i) via sexual intercourse, (ii) from
mother to child, and (iii) parenteral transmission [76]. Sexual transmission is the most common
mode of HIV-1 transmission and accounts for the 80% of infections in adults [89] and includes
vaginal, anal, and oral unprotected sex between an infected individual and his or her unin‐
fected partner. The risk of HIV-1 transmission is higher between homosexual men as compared
to the risk during heterosexual intercourse and individuals whom engage in high risk
behaviors [90]; however, this trend can be steadily reduced by prophylactic antiviral use and
educating the public. Parenteral transmission of HIV-1 is usually associated with the transfu‐
sion of contaminated blood, transplant of infected organs, and sharing of infected sharps,
needles, or syringes [76]. Mother-to-child HIV-1 transmission occurs during pregnancy,
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delivery, or breastfeeding. The presence of higher levels of HIV-1 RNA in blood/body fluids
of the infected host has been associated with greater probabilities of transmission [91].

3.3. Diseases caused by HIV-1

According to the World Health Organization (WHO), by the end of 2013, there were 35 million
people living with HIV worldwide, and 1.5 million people died as a consequence of AIDS-
associated diseases [92]. The course of HIV-1 infection consists of three phases of disease:
primary or acute, asymptomatic/chronic, and AIDS. After 2 weeks of initial exposure to HIV-1,
approximately 50–70% of the infected patients experience nonspecific symptoms that do not
last for more than 4 weeks. These symptoms include increase in body temperature, sore throat,
cephalea, joint and muscle pain, general discomfort, and weight loss. Around 70% of patients
will develop a rash on trunk and face [6]. This is followed by a long-term period (in many
individuals, this highly variable period has been thought to be longer than 10 years but may
be altered by many host and comorbidity factors) of asymptomatic chronic infection [93]. This
phase is marked by a loss of CD4+ T cells at an annual rate of 30 to 60 cells/mm3 [6]. HIV-1 titers
in the peripheral blood, and antibodies to HIV-1 become readily detectable [76]. Most patients
do not present major symptoms; however, some experience tiredness and swollen lymph
nodes. Less than 1% of patients in this phase develop AIDS within a period of 1–2 years. The
more advanced disease symptoms begin when the CD4+ T-cell levels drop below 500 cell/
mm3. During this stage, HIV-1-infected patients become immunocompromised, developing
opportunistic infections such as oral candidiasis, pneumococcal infections, tuberculosis, and
infections caused by the herpes simplex and varicella zoster viruses. When the CD4 counts
decrease below 200 cells/mm3, they are clinically diagnosed as having progressed to AIDS.
Here HIV-1-infected patients are at high risk of serious diseases like systemic fungal infections,
toxoplasma encephalitis, and cryptococcal meningitis, reactivation of other latent viruses such
as cytomegalovirus (CMV), and other opportunistic infections, [94], which is primarily due to
the decrease in T-cell count. AIDS patients are also susceptible to developing AIDS- and non-
AIDS-defining cancers. Kaposi sarcoma (KS) induced by human herpes virus 8 and non-
Hodgkin’s lymphoma are two examples of AIDS-defining cancers. Importantly, the incidence
of AIDS-defining cancers and opportunistic infections in HIV-1-infected patients has dropped
since the introduction in 1996 of the highly active antiretroviral therapy (HAART) for the
treatment of HIV-1 in North America, Europe, and Australia [95]. In contrast, the frequency
of non-AIDS-defining cancers such as cervical and anal cancer caused by human papilloma
virus, liver cancer, Hodgkin’s lymphoma, lung cancer, and prostate cancer has increased
among the HIV-1-infected population [95].

4. Impact of HIV-1 on HTLV-1 disease progression

The effect that HIV-1 has on the progression of HTLV-1 infection remains controversial, as
there are very few studies that have directly examined the process interaction. However, it is
likely that the periods of immunosuppression observed during the course of HIV-1 disease
include the first 3–6 months of the primary infection, a time when the CD4+ T-cell compartment
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is acutely targeted by HIV-1, the period involving the transition from asymptomatic clinical
latency to symptomatic disease prior to therapeutic intervention, and last during the final
progressive decrease in the CD4+ T-cell count prior to the availability of therapy or after the
development of drug resistance without the availability of alternative therapies, which may
very likely alter the course of primary HTLV-1 infection, the development and control of ATL,
or the etiology and progression of HAM/TSP. Although HIV-1 has not been shown to infect
bone marrow stem cells, it has been shown to infect more differentiated progenitor cells. In
addition, HTLV-1 has also been shown by Jacobson and coworkers [96] to penetrate the bone
marrow compartment with the detection of HTLV-1 DNA in the absence or presence of
detectable transcription. Given these observations, it is possible that HIV-1 infection of similar
cell populations in the bone marrow may impact HTLV-1 gene expression programming and
alter the functional course of these cell populations with respect to the development and
control of ATL and HAM/TSP.

4.1. Incidence of HAM/TSP among HTLV-1/HIV-1-coinfected patients

Much knowledge of viral coinfection and HAM/TSP has come from longitudinal and cross-
sectional studies of patient cohorts. While much still needs to be understood on a molecular
biologic and immunologic level, these human studies are invaluable with respect to identifying
correlations that allow one to develop experimental designs to explore mechanistic avenues
to determine the role of virus–virus interactions. Based on these studies, it was determined
that less than 2% of the individuals were infected with HTLV-1 develop HAM/TSP [97, 98].
Previous studies have suggested that HIV-1 increases the risk of HAM/TSP in HTLV-1/HIV-1-
coinfected individuals. For example, the incidence of HAM/TSP is 9.7% among HTLV-1/HIV-1-
coinfected individuals in a cohort of patients from New Orleans, Louisiana. These patients did
not present with AIDS, and their CD4+ T-cell levels were normal or slightly elevated [99]. The
occurrence of myelopathy in HTLV-1/HIV-1-coinfected individuals was estimated in a case-
control study in Rio de Janeiro, Brazil. The results indicated that 73% of the coinfected patients
and 16% of the patients infected with only HIV-1 developed myelopathy [100]. Another group
reported that the prevalence of HAM/TSP among HTLV-1/HIV-1-coinfected patients in Brazil
was 8% [101]. Schutte and coworkers [102] observed in a cohort of patients in Pretoria, South
Africa, that HTLV-1/HIV-1-coinfected individuals were prone to developing HAM/TSP at an
earlier age than when infected with HTLV-1. Furthermore, the period of time in which the
coinfected patients remained asymptomatic was shorter than the monoinfected patients (less
than 3 years) [102]. Furthermore, Casseb and colleagues [101] demonstrated that the levels of
HTLV-1 proviral DNA load in coinfected patients with HAM/TSP were five times higher than
in asymptomatic coinfected individuals. HTLV-1 proviral DNA levels in PBMCs varied during
the course of HTLV-1 infection [103]. High proviral DNA levels [104] along with the replication
or migration of HTLV-1-infected lymphocytes to the CNS have been associated with the
development of HAM/TSP [103]. Indeed, Bassi et al. [105] proposed the use of HTLV-1 proviral
DNA loads as a diagnostic tool for the early detection of HAM/TSP. In this regard, other studies
have established the lower limits of detection of HTLV-1 proviral DNA, and these efforts
facilitated studies to distinguish between asymptomatic HTLV-1-infected patients and HAM/
TSP patients. With regard to coinfection, studies have reported that HIV-1 infection increased
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the HTLV-1 proviral DNA levels in HTLV-1-infected patients. Yet, Césaire and colleagues
[106] found no difference between the levels of HTLV-1 proviral DNA in the coinfected patients
compared to those infected with only HTLV-1. Even without understanding the molecular
mechanism of how one retrovirus influences pathology and disease, what is obvious is the
strong association of HAM/TSP and HTLV-1/HIV-1 coinfection (Table 2).

Viral protein Effect on HIV-1 infection Effect on HTLV-1 infection

Tat
Transactivator protein that enhances viral
transcription; can be secreted and cause
apoptosis in uninfected bystander cells

Some studies have suggested that there is minimal effect
by Tat on HTLV-1 infection; other studies have suggested
that HIV-1 Rev is the protein that potentially enhances
gene expression; some studies have shown that HIV-1
does not affect proviral load in PBMCs; there has been a
link between coinfection and increased risk to develop
HAM/TSP and ATL

Tax

Has been shown to be overexpressed in
HTLV-1/HIV-1 coinfection; promotes nuclear
transport of the reverse transcribed HIV-1
DNA; stimulates HIV-1 via activation of NF-
κB (both alone and synergistically with Tat);
has been shown to interact with CCR5, a
major coreceptor of HIV-1, although a role in
disease progression is controversial

Transactivator protein that enhances viral transcription;
largely implicated in the oncogenic potential of HTLV-1;
can be secreted from infected cells resulting in bystander
effects such as upregulation of cytokines and chemokines,
and infiltration of Tax specific CD8+ T cells, which can
influence HAM/TSP

Table 2. Points of intersection between HTLV-1 and HIV-1

The levels of CD4+ T-cell counts and HTLV-1 disease progression in HTLV-1/HIV-1 coinfection
were evaluated in a study conducted in Brazil by Casseb and coworkers. One hundred and
fifty HTLV-1-infected patients were enrolled in the study; 27 of them were coinfected with
HIV-1, and 15 of the coinfected patients had already reported an AIDS-defining event. CD4+

T-cell counts were higher in coinfected individuals with AIDS than in HIV-1-monoinfected
patients (median = 189 cells/mm3 and 89 cells/mm3, respectively; p = 0.036). Moreover, five of
the coinfected subjects who had AIDS and three of the coinfected patients without AIDS
showed signs of HAM/TSP. Three of the eight patients with signs of HAM/TSP also developed
an opportunistic infection. Importantly, the incidence of HAM/TSP in coinfected patients with
AIDS was 20 times higher than those infected with only HTLV-1 infection. These results
supported previous observations that HTLV-1/HIV-1 coinfection was associated with a higher
probability of a more severe HTLV-1 infection along with an increase in the levels of CD4+ T
cells [3]. These results have suggested the possibility that HTLV-1 may inhibit HIV-1 replica‐
tion with a subsequent increase in CD4+ T-cell counts, thereby enhancing HTLV-1 disease
progression. Based on these observations, current research has centered on a more in-depth
molecular analysis with respect to how HTLV-1 and HIV-1 impact each other during the course
of dual infection.
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by Tat on HTLV-1 infection; other studies have suggested
that HIV-1 Rev is the protein that potentially enhances
gene expression; some studies have shown that HIV-1
does not affect proviral load in PBMCs; there has been a
link between coinfection and increased risk to develop
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Tax

Has been shown to be overexpressed in
HTLV-1/HIV-1 coinfection; promotes nuclear
transport of the reverse transcribed HIV-1
DNA; stimulates HIV-1 via activation of NF-
κB (both alone and synergistically with Tat);
has been shown to interact with CCR5, a
major coreceptor of HIV-1, although a role in
disease progression is controversial

Transactivator protein that enhances viral transcription;
largely implicated in the oncogenic potential of HTLV-1;
can be secreted from infected cells resulting in bystander
effects such as upregulation of cytokines and chemokines,
and infiltration of Tax specific CD8+ T cells, which can
influence HAM/TSP

Table 2. Points of intersection between HTLV-1 and HIV-1
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fifty HTLV-1-infected patients were enrolled in the study; 27 of them were coinfected with
HIV-1, and 15 of the coinfected patients had already reported an AIDS-defining event. CD4+

T-cell counts were higher in coinfected individuals with AIDS than in HIV-1-monoinfected
patients (median = 189 cells/mm3 and 89 cells/mm3, respectively; p = 0.036). Moreover, five of
the coinfected subjects who had AIDS and three of the coinfected patients without AIDS
showed signs of HAM/TSP. Three of the eight patients with signs of HAM/TSP also developed
an opportunistic infection. Importantly, the incidence of HAM/TSP in coinfected patients with
AIDS was 20 times higher than those infected with only HTLV-1 infection. These results
supported previous observations that HTLV-1/HIV-1 coinfection was associated with a higher
probability of a more severe HTLV-1 infection along with an increase in the levels of CD4+ T
cells [3]. These results have suggested the possibility that HTLV-1 may inhibit HIV-1 replica‐
tion with a subsequent increase in CD4+ T-cell counts, thereby enhancing HTLV-1 disease
progression. Based on these observations, current research has centered on a more in-depth
molecular analysis with respect to how HTLV-1 and HIV-1 impact each other during the course
of dual infection.
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5. Impact of HTLV-1 on HIV-1 disease progression

The influence of HTLV-1 infection on the development of AIDS in HIV-1-coinfected patients
is not well understood. Several studies have indicated that HTLV-1 infection promotes HIV-1
replication, accelerating the development of AIDS, while other reports have shown that
HTLV-1 actually inhibits HIV-1 infection [4]. The conflicting results reported are likely due in
part to the diverse antiretroviral regimens used to treat HTLV-1/HIV-1-coinfected patients
[104]. In addition, the timing with respect to the introduction of the second virus (HTLV-1 or
HIV-1) may have great impact on HIV-1 replication and disease.
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HIV-1-monoinfected patients. Irrespective of sex and CD4+ T-cell counts, a retrospective case-
control study performed in Bahia, Brazil, showed that people living with HTLV-1/HIV-1
coinfection exhibited a shorter lifespan than HIV-1-monoinfected patients. The mean survival
time for controls was 2,430 days, whereas for HTLV-1/HIV-1-coinfected patients, it was 1,849
days, with a p = 0.02 when comparing the two groups [108]. The reduced survival was also
observed in children [109].

Scapellato and colleagues [110] reported that in HTLV-1/HIV-1-coinfected patients naive to
treatment,  CD4+  T-cell  counts  were  higher  in  the  coinfected  patients  than  in  HIV-1-
monoinfected  patients  at  the  time  of  an  AIDS-defining  illness.  A  case-control  study  to
characterize the phenotype of CD4+ T cells during HTLV-1/HIV-1 coinfection was conduct‐
ed with 701 HAART-naïve,  HIV-1-positive African adults.  Within this patient cohort,  29
patients were found to be coinfected with HTLV-1. Each coinfected patient was matched
by  age  and  sex  with  two  HIV-1-monoinfected  individuals.  The  study  also  included
unmatched healthy controls. CD4+ T-cell levels, markers of CD4+ T-cell activation, and HIV
viral load were the parameters used to assess HIV-1 disease progression. The results showed
that coinfected patients exhibited higher levels of CD4+ T cells (median = 525 cells/mm3 and
274 cell/mm3, respectively; p < 0.05) with higher levels of expression of the activation markers
CD25 and CD45RO and lower expression levels of CD45RA and CD62L (markers of naïve
T cells) in coinfected individuals as compared to monoinfected individuals. Furthermore,
coinfected  patients  exhibited  an  increase  in  HIV-1  proviral  DNA  load  as  compared  to
monoinfected  subjects.  Despite  the  normal  or  higher  levels  of  CD4+  T  cells,  coinfected
patients  still  progressed to  AIDS [111].  These  observations  imply that  HTLV-1 infection
enhances HIV-1 progression via loss of naïve CD4+ T cells, with an overall increase in total
CD4+ T cells and an increase in HIV-1 viral load, key features with respect to the develop‐
ment of AIDS. The lymphocytosis observed in coinfected patients might have been caused
by  the  Tax  oncoprotein  encoded  by  HTLV-1.  Tax  inhibits  the  cellular  mechanisms  in‐
volved in DNA repair and induces cell transformation and immortalization [111, 112].

The impact of HTLV-1 on the immune response during coinfection with HIV-1 was evaluated
using quiescent PBMCs from HTLV-1/HIV-1-coinfected patients as well as from HIV-1 and
HTLV-1-monoinfected individuals. The Th1 cytokine pathway appeared to be overstimulated
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during HTLV-1/HIV-1 coinfection, as PBMCs from coinfected patients produced increased
levels of IL-2 and IFN-γ compared to PBMCs from HIV-1 and HTLV-1-monoinfected individ‐
uals. These results implied that overproduction of Th1 cytokines during the course of HTLV-1/
HIV-1 coinfection could be augmenting the overall negative impairment of the immune system
induced by HIV-1 [113], which normally influences a Th2 response during chronic infection.
Curiously, the correction to a Th1 response does not seem to correct for the shortened lifespan
and a possible increase in progression to AIDS. It should be noted that there was obviously
patient-to-patient variability, differences in phenotype depending on viral genotypes, and the
length of time involving mono or dual infection.

6. Molecular interactions between HTLV-1 and HIV-1

To this point, we have discussed the impact that HIV-1 has on HTLV-1 disease progression,
particularly on the occurrence of HAM/TSP, as well as the effect of HTLV-1 on HIV-1 infection.
Clearly, HTLV-1/HIV-1 coinfection alters the course of disease caused by either virus along as
assessed by proviral DNA loads, CD4+ T-cell death and proliferation assessments, and overall
immunologic assessment, pathogenesis, and disease indicates that the presence of both viruses
negatively impacts human health as compared to the presence of either virus alone. Based on
these observations, investigators have also explored the molecular interactions between
HTLV-1 and HIV-1 that could be influencing the development of HTLV-1 disease or HIV/AIDS
during HTLV-1/HIV-1 coinfection. In vitro experiments involving superinfection with the
HIV-1 molecular clone HIV-1IIIB on two HTLV-1-transformed cell lines, MT2 (an HTLV-1-
producer cell line) and 81-66/45 cell line (an HTLV-1 nonproducer cell line), have demonstrated
that HIV-1 infection activates HTLV-1 and increases the levels of HTLV-1 proviral DNA in
both HTLV-1-transformed cell lines [114]. Additional studies performed by Zsabó and
colleagues [115] have shown that in vitro HTLV-1/HIV-1 coinfection of macrophages by both
viruses results in increased replication of both viruses. The presence of the HTLV-1 Tax protein
promoted nuclear transport of the newly reverse transcribed HIV-1 DNA, whereas the
mechanism by which HIV-1 infection enhanced HTLV-1 gene expression did not appear to
involve the HIV-1 Tat protein.

In a tripartite coculture assay using Jurkat T cells transfected with an HTLV-1LTR-driven
reporter construct designated Jurkat/HTLV-1-Luc with a chronically infected HTLV-1 cell line,
HTLV-1-MT2, that has also been infected with HIV-1IIIB via cell-to-cell transfer of virus from
HIV-1IIIB-infected H9 cells, Sun and coworkers demonstrated that HIV-1 infection induced an
80-fold increase in LTR-dependent HTLV-1 gene expression. It was also demonstrated that the
increase in transcriptional activation of HTLV-1 genes occurred in a mechanism that was
dependent on the HTLV-1 Tax protein, the HIV-1 gp120/gp41 complex, and CD40. These
results suggested that HIV-1 infection promoted the development of syncytium among the
cell lines examined in these studies, thereby acting as a channel for HTLV-1 Tax to translocate
from the HTLV-1-infected MT2 cells to the HTLV-1-LTR-Jurkat cells, thereby providing an
explanation as to how coinfection with HIV-1 and HTLV-1 may transactivate the LTR of latent
provirus in neighboring cells [116]. Using an in vitro model of HTLV-1/HIV-1 coinfection, Roy
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and colleagues confirmed that HIV-1 virus alone or the accessory protein Tat can enhance
HTLV-1 gene expression. Culturing the NO-HTLV-1 cell line, an HTLV-1-infected cell line
established by exposure of the cells to an HTLV-1 clinical isolate, in the presence of cell-free
HIV-1 virion alone (HIV-1IIIB), doubled the amount of HTLV-1 gene expression [117–119].
Additionally, the NO-HTLV-1 cells were exposed to recombinant HIV-1 Tat protein alone,
subsequently resulting in an increase in the expression of HTLV-1 matrix protein expression
(p. 19). Furthermore, the majority of HTLV-1-infected cells colocalized with HIV-1 virions,
indicating HLTV-1 gene expression and transactivation, was dependent and correlated with
the presence of HIV-1 virion or Tat [2].

With respect to the interactions between HTLV-1 and HIV-1 that affect HIV-1 expression,
Leung and coworkers [120] first reported that the HTLV-1 Tat protein stimulates HIV-1 via
activation of NF-κB. Later, studies by Böhnlein and colleagues [121] confirmed that in vitro
HTLV-1/HIV-1 coinfection assays indicated that HTLV-1 enhanced HIV-1 expression utilizing
a mechanism dependent on HTLV-1 Tax. These experiments revealed that HTLV-1 Tax protein
stimulates T cells and promotes transcriptional activation of the HIV-1LTR via interaction with
the cellular protein HIVEN86A. Additional studies indicated that HTLV-1 Tax also works
synergistically with HIV-1 Tat to increase HIV-1 via stimulation of NF-κB [122]. Culturing
HTLV-1-producing MT2 cells with HIV-1 isolates from quiescent CD4+ T cells from HIV-1-
infected patients treated with HAART upregulated HIV-1 expression. HTLV-1 Tax or the Env
glycoprotein alone was sufficient to induce HIV-1 replication [123].

7. Treatments for HIV-1 and HTLV-1 infections

The current approach to effectively treat HIV-1-infected patients involves the use of a combi‐
nation of antiretroviral drugs that inhibit a number of steps within the HIV-1 replication cycle,
including the reverse transcription process, integration, and proteolytic processing of struc‐
tural polyproteins, thereby reducing the production of mature infectious HIV-1 virions that
involves the HIV-1-encoded protease [124]. By 2011, the FDA had approved 26 antiretrovirals
for the treatment of HIV-1 [6] with now more than 30 agents approved for use in humans to
treat HIV-1 infection [8]. The rationale of using highly active antiretroviral therapy (HAART)
or also referred as combination antiretroviral therapy (cART) in HIV-1-infected individuals
has been to minimize the development of drug-resistant virus while effectively reducing the
viral load to undetectable levels for prolonged periods of time, in essence, the establishment
of a manageable chronic disease. As mentioned previously, although cART reduced actively
replicating virus, it does not remove active or defective integrated and latent provirus. To
affectively “cure” and HIV-infected individual, every copy of proviral DNA must be removed.
Recently, much attention has been focused on purging and excising the latent reservoir by the
shock and kill method (HDAC inhibitors) and gene-editing enzymes (zinc-finger nucleases,
TALENS and CRISPR/Cas9) [125–128], as previously reviewed [129, 130]. The shock and kill
strategy has involved reactivating latent virus reservoirs from resting memory CD4+ T cells
with this process leading to a contraction in the size of the reservoir post activation in combi‐
nation with cART therapy that leads to the destruction of the activated cell and the prevention
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of infection of uninfected T cells. Additional therapeutic strategies have recently focused on
the use of gene-editing systems involving protein-based enzymes that have been designed to
seek out specific HIV-1 proviral DNA sequences and induce double-stranded DNA breaks
that can induce nucleotide deletions and removal of whole gene segments [126, 130]. Many of
these techniques are in basic discovery phases for the treatment of infected cells with the goal
of eliminating integrated provirus. These technologies hold great promise to eliminate
integrated retroviral genetic information thereby curing the infected cell.

In the case of HTLV-1 infection, reverse transcriptase inhibitors stop HTLV-1 replication in
vivo but can only prevent infection if they are taken immediately after first contact with the
virus [131, 132]. The current therapeutic options for HTLV-1 infection consist of a number of
chemotherapeutic agents for lymphoma and the combination of zidovudine and interferon-α
(IFN-α) for the management of acute, smoldering, and chronic ATL. The clinical management
of ATL continues to be challenging because it has been shown to be a highly lethal type of
cancer resistant to many of the currently available anticancer drugs (Figure 4) [124]. In 1996,
Borg and colleagues [133] successfully treated and caused cancer rejection in an Afro-Carib‐
bean female with ATL using a combination of chemotherapeutic agents (cyclophosphamide,
doxorubicin, and etoposide) and allogeneic bone marrow stem cell transplantation (alloSCT).
In the case of people older than 50 years, alloSCT treatment is given with low doses of
chemotherapeutic drugs. Retrospective studies indicate that 30–40% of ATL patients who have
undergone alloSCT treatment become long-term survivors [134]. The use of the humanized
defucosylated antiCCR4 antibody in patients with ATL has also had promising results [135,
136] with HAM/TSP [137]. Concurrently, the treatment for HAM/TSP and its secondary effects
involves the use of spasmolytic drugs, prednisone, danazol [138], valproic acid [139], prosul‐
tiamine [140], IFN-α [141–143], IFN-β-1a [144–146], or vitamin B1 [147].

The management of HTLV-1/HIV-1 coinfection can be challenging due to the lack of efficacy
of antiretroviral therapy with respect to the inhibition of HTLV-1 replication as well as the
disparate effects one therapy or compound may have on the other virus. One of the drugs
commonly used for HTLV-1 infection is IFN-α. However, the clinical benefits of IFN-α for
HIV-1-infected patients are controversial. In vitro, IFN-α downregulates HIV-1 replication in
macrophages and T cells and halts the formation of mature HTLV-1 virions. Importantly, IFN-
α treatment induces caspase-3-mediated apoptosis of HTLV-1/HIV-1IIIB-coinfected MT-4 cells,
but not HTLV-1-monoinfected MT-4 cells. Interestingly, IFN-α treatment did not affect
HTLV-1 infectivity but markedly reduced HIV-1 replication, with an approximately 1000-fold
decrease in HIV-1 p24 antigen expression [124]. These immediate differential affects on therapy
of these two viruses also project a possible role of coinfection in influencing ATL and
HAM/TSP prominence and therapeutic strategy for treatment.

The incidence of ATL in HTLV-1/HIV-1-coinfected individuals has not been widely reported
yet. Shibata and colleagues reported a case involving a 43-year-old African American male
with ATL that was positive for both HTLV-1 and HIV-1. The patient underwent three phases
of treatment achieving at least 12 months of remission. The first stage consisted of daunoru‐
bicin, prednisone, and vincristine. Then the patient was placed on cis-platinum, etoposide,
cytosine arabidoside, and dexamethasone. During the third phase, the patient was treated with
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zidovudine. PCR analysis of PBMCs detected HTLV-1 in 1/1,000 cells and HIV-1 in a similar
fraction [148].

Furthermore, Hütter and colleagues used alloSCT to treat a 40-year-old white male who
suffered from acute myeloid leukemia and was also HIV-1-positive. The patient received the
transplant from an HLA-matched donor who was homozygous for the CCR5 delta32 deletion.
Importantly, a homozygous 32-bp deletion in the CCR5 allele has been shown to confer long-
term resistance to HIV-1 infection with CCR5-utilizing viruses but not CXCR4-utilizing
viruses. The patient was infected with HIV-1 more than 10 years earlier and had received cART
for the previous 4 years. At the time of his leukemia, he was asymptomatic with respect to HIV
disease. Initially, the patient was treated with chemotherapy, after which time he suffered from
a rebound in his HIV-1 viral load and a relapse in his leukemia. At this time, he received the
alloSCT, which successfully treated the leukemia. In addition, the patient stopped taking the
cART and his HIV-1 viral loads were undetectable. After 20 months of follow-up, this patient
was free of both the HIV-1 infection and the leukemia [149]. While these in vitro and in vivo
studies and clinical trials have revealed a great deal of information about co- and monoinfec‐
tion of HTLV-1/HIV-1-infected individuals, much more research is needed to help manage
these lifelong chronic infections.

Figure 4. Current diagnosis and treatment of HTLV-1-induced ATL. Summary of criteria used to diagnose previously
identifiable forms of ATL and a brief overview of currently available treatments are shown.
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8. Summary and concluding remarks

We have discussed a number of diseases caused by infection with two common human
retroviruses, HTLV-1 and HIV-1, alone or within the context of coinfection. As previously
shown by epidemiological studies, coinfection with these two viral pathogens occurs fre‐
quently among illicit drug users, and its incidence is on the rise particularly in regions around
the world where both viruses are endemic. Although HTLV-1 and HIV-1 are both retroviruses
and as such share a number of genomic structural features, similar events within the replication
cycle, and common modes of transmission, the overall pathogenic outcomes and the associated
diseases they cause are very different except, for the most part, they all occur within the context
of the immune and nervous systems with other end organs also involved. Additional infor‐
mation relevant to epidemiology, virology, immunology, immune- and neuropathogenesis,
diagnosis, molecular mechanisms of disease, treatment, and clinical management are also
discussed within the context of mono- and coinfection with these two important human
retroviruses. Despite large bodies of information available concerning the molecular patho‐
genesis and disease resulting from monoinfections, there is much less information concerning
the molecular interactions between HTLV-1 and HIV-1 replication machinery as well as the
implications each virus has on disease progression resulting from the pathogenic outcomes
when both viruses are replication in the same cells or neighboring cells within the same tissue
compartment. Clearly, studies of HTLV-1/HIV-1 coinfection have been complicated by the fact
that most of these studies have been conducted after the initiation of cART for suppression of
HIV-1 infection (although many of the coinfection studies have been performed in countries
where delivery of optimal cART has been difficult). With regard to the molecular interactions
between the two viruses, even though both viruses target CD4+ T cells, HIV-1 infection usually
results in lytic replication in activated T-cell populations, whereas HTLV-1 infection usually
results in more limited replication and gene expression and ultimately induces clonal expan‐
sion of selected CD4+ T-cell populations. Interestingly, the bone marrow compartment is
penetrated by both HTLV-1 and HIV-1 during the course of disease; the penetration of this
compartment appears to seed each virus into different cellular compartments [41, 85, 150].
With respect to HIV-1, the stem cell population within this compartment appears to be spared
of viral infection with virus only seeded into more committed or differentiated progenitor cell
compartments. The binding of HIV-1 particles to stem cells has been shown to alter their
functional properties despite the absence of detectable levels of viral entry into stem cells.
However, following HTLV-1 infection, there appears to be differential gene expression within
cellular compartments within the bone marrow with much greater numbers of DNA+RNA+

progenitor cells in individuals suffering from HAM/TSP as compared to individuals with ATL
where there are far fewer DNA+RNA+ progenitor cells [61, 64]. The significance of these
molecular interactions within the context of bone marrow cell populations remains unresolved
during the course of monoinfections and remains to be examined in HTLV-1/HIV-1 coinfec‐
tions. The interaction of both viruses with the bone marrow compartment during the course
of mono- and coinfection within the same or different bone marrow-infected cell populations
will likely play an important role in the pathogenesis of diseases caused by both viruses.
Clearly, studies with a greater number of larger coinfection cohorts will be required to
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functional properties despite the absence of detectable levels of viral entry into stem cells.
However, following HTLV-1 infection, there appears to be differential gene expression within
cellular compartments within the bone marrow with much greater numbers of DNA+RNA+

progenitor cells in individuals suffering from HAM/TSP as compared to individuals with ATL
where there are far fewer DNA+RNA+ progenitor cells [61, 64]. The significance of these
molecular interactions within the context of bone marrow cell populations remains unresolved
during the course of monoinfections and remains to be examined in HTLV-1/HIV-1 coinfec‐
tions. The interaction of both viruses with the bone marrow compartment during the course
of mono- and coinfection within the same or different bone marrow-infected cell populations
will likely play an important role in the pathogenesis of diseases caused by both viruses.
Clearly, studies with a greater number of larger coinfection cohorts will be required to
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approach defining molecular mechanisms, diagnosis, treatment, prevention, and overall
clinical management of diseases caused by HTLV-1/HIV-1 coinfection. It would also seem
important to obtain a better understanding concerning the relationship between the timing of
HIV-1 infection relative to the course of HTLV-1-induced disease. Interestingly and perhaps
relevant to thinking about this problem is the epidemiologic data suggesting that individuals
that suffer from ATL as compared to HAM/TSP are more likely to have been infected by
mucosal membrane exposure early in life often as a result of vertical transmission of HTLV-1
as compared to a blood stream exposure of the virus as a result of IV transmission associated
with illicit drug abuse [151]. Clearly, the immunosuppression that occurs as a result of primary
HIV-1 infection and later during the course of disease with individuals that first seek medical
attention for symptoms consistent with HIV-1 disease prior to the start of cART may have great
impact on the initial phases of HTLV-1 disease depending on the size and functionality of the
T-cell compartment during the primary HTLV-1 infection. If these predictable periods of
immunosuppression occur at critical phases of already ongoing HTLV-1-induced disease, the
impact of HIV-1 on the course of HTLV-1 disease could be significant whether the individual
is headed toward neuroinflammatory or leukemic disease. Clearly, these interactions will pose
significant challenges with respect to the clinical management of HTLV-1-induced disease,
while HTLV-1 infection could alter the course of HIV-1 disease depending on what impact the
neuroinflammatory state associated with the development of HAM/TSP may have on HIV-1
infection of the CD4+ T-cell compartment and what impact of polyclonal or monoclonal
expansion of the CD4+ T-cell compartment associated with HTLV-1-induced leukemogenesis
may have on productive HIV-1 infection and replication in these T-cell compartments. Finally,
the discussion of an HIV-1-positive patient suffering from ATL and another case with an
HIV-1-positive patient with acute myeloid leukemia with respect to the impact of bone marrow
stem cell replacement therapy on controlling HTLV-1-induced cancer and impact on ongoing
HIV-1 disease was examined. In both cases, HIV-1 disease was well controlled at the time of
the bone marrow transplant. Interestingly, they both achieved remission of the leukemia, and
the HIV-1 and HTLV-1 titers of the first case were very low after treatment, and in the second
case, the HIV-1 infection has been apparently cured. This is clearly a better understanding of
the molecular interactions between HTLV-1 and HIV-1 and their respective host cell targets
with regard to cellular coinfection or cellular interactions altered by viral coinfection of
different cellular compartments.

The clinical management of HTLV-1 and HIV-1 mono- and HTLV-1/HIV-1 coinfection will be
greatly enhanced by the identification of additional druggable viral or cellular targets to
enhance the effective long-term clinical management of HTLV-1- and HIV-1-induced disease
outcomes stemming from monoinfections (long-term suppression of viral gene expression in
either case with minimal impact of viral infection on host cell function) prior to the encounter
of the second virus. A second therapeutic approach will involve curing HTLV-1- and HIV-1-
infected patients by elimination of susceptible target cell populations by targeted elimination
of cellular receptor epitopes rendering normally susceptible cells refractile to viral infection
while maintaining the normal cellular function of these host cell proteins. In parallel with these
types of experimental studies, additional types of experimentation will involve the eradication
of HTLV-1 and HIV-1 infections by site-specific excision of integrated HTLV-1 and HIV-1
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proviral DNA with minimal off target impact on host cell function. Clearly, this is exciting
technology with great promise to completely eliminate latent or persistent viral infections
without having to activate latent viral gene expression to kill latently infected cells [125–130,
152]. The goal of eliminating both defective and completely functional HIV-1 and HTLV-1 will
likely be very critical since it is entirely possible that nonactivatable defective proviruses may
still be able to drive the expression of viral proteins (gp120, Tat, Vpr, and Nef) that may cause
detrimental effects to neighboring or distant cells in the absence of lytic infectious virus
production. Many challenges await this experimental approach, including the exact nature of
existing viral reservoirs, the genetic variability of the latent virus, and the delivery of excision
technologies to tissue-specific reservoirs, including memory CD4+ T-cell subpopulations,
specific cell populations within the monocyte–macrophage lineage, as well as cell populations
within the brain and other tissues. Perhaps central to basic and translational science is the
development of tomorrow’s translational solutions to today’s challenges leading to effective
solutions to clinical problems.
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Abstract

Acute myeloid leukemia (AML) is a clonal disorder affecting pluripotent stem cells
and is characterized by ineffective hematopoiesis. Most AML patients harbor
cytogenetic and molecular defects that identify entities with peculiar biologic and
clinical data and distinct therapeutic responses. Approximately 50%–60% of de novo
AML and 80%–95% of secondary AML patients display chromosomal aberrations.
Structural chromosomal rearrangements are the most common cytogenetic abnor‐
malities in de novo AML, with an incidence of 40%. Last years, large collaborative
studies have demonstrated the importance of cytogenetic aberrations for the
prognosis of AML patients.

The large group of patients with cytogenetically normal (CN) AML refers to the
intermediate risk category. It is known that this group of patients is very heterogene‐
ous with respect to prognosis. The recent large-scale sequencing of AML genomes is
now providing opportunities for patient stratification and personalized approaches
to treatments that are based on individual mutation profiles. Genes recurrently
mutated in AML belong to distinct functional groups or pathways. A few recurring
gene mutations with prognostic relevance in AML have been identified and have
become incorporated into current prognostication models. For patients with CN AML,
prognosis can be specified by mutational status of the genes NPM1, FLT3, and
CEBPA. CN AML patients with NPM1 mutation, but no FLT3-ITD, or with CEBPA
mutation, have a favorable prognosis. In contrast, CN AML patients with FLT3-ITD
mutation have a poor prognosis.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Recently a new class of mutations affecting genes for DNA methylation and post-
translational histone modification was identified in AML. These mutations frequently
occur in the DNA nucleotide methyltransferase 3A gene (DNMT3A) and isocitrate
dehydrogenase 1/2 gene (IDH1/2). Different studies have shown a negative impact of
DNMT3A mutations on outcomes in patients with AML. The prognostic effect is
known to depend on certain biological factors as well as a combination of cytogenetics
and other mutations such as those in FLT3 and NPM1. In contrast, the impact of IDH1/2
mutations on prognosis is not completely understood. It appears that prognosis may
depend on specific patient populations and a combination with NPM1 mutations.

Moreover, a growing number of recurrent mutations in additional genes have recently
been identified. Increasing evidence suggests that AML develops throughout the
process of branching evolution.

Keywords: AML, mutations, prognosis, FLT3, NPM1, DNMT3A, IDH1/2

1. Introduction

Acute myeloid leukemia (AML) is the most common type of leukemia among hematologic
malignancies in adults. In the last years, progresses in molecular technologies have led to
identify AML as a highly heterogeneous disorder. AML is a clonal hematopoietic disease that
arises from multiple acquired genetic lesions accumulating in hematopoietic progenitors. The
mutations give rise to a malignant clone [1]. In the initial development, Knudson’s two-hit
hypothesis has provided important insights into the pathogenesis of leukemia. Later studies
using mouse models have confirmed that genetic abnormalities in leukemia could be divided
into two classes. Class I mutations confer a proliferative or survival advantage to blast cells,
while class II mutations block myeloid differentiation and give self-renewability [2-4].
Recently, next-generation sequencing methods provided more complete insight in oncogenic
events. Early mutations may be present many years before disease develops [5]. Evidence from
many murine models has confirmed that early mutations lead to clonal expansions by
progenitor cells. Later, cooperating mutations would arise in cells that already contain
initiating early mutations [6].

Karyotype analysis allows detecting genetic changes on a chromosomal level by visual
assessment of chromosomal banding. Recurrent chromosomal abnormalities are found in
about 55% of adults with AML. Some, not all, of the chromosomal aberrations are strong
independent predictors of outcome and are the mainstay of the World Health Organization
(WHO) classification of AML risk groups [7]. In AML patients with cytogenetically normal
karyotype (CN AML) who have an intermediate-risk cytogenetics, clinical outcomes vary
greatly. Identification of recurrent mutations in AML improved the understanding of the
molecular pathogenesis. Later studies revealed recurrent genetic markers in more than 85%
of CN AML patients [8]. Some of the mutations add important prognostic information and
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also indicate potential therapeutic targets. The more detailed insight into the genetic architec‐
ture of AML is challenging the established classification and prognostication systems [8].
Particular mutations have already been included in the latest WHO classification that was
established in 2008 and in subsequent recommendations for diagnosis of AML by an interna‐
tional expert panel [9].

2. Nucleophosmin 1 (NPM1) mutations

The nucleophosmin/nucleoplasmin (NPM) family of  chaperones has diverse functions in
the cell.  The NPM1  gene maps to chromosome 5q35 and encodes a phosphoprotein that
moves between the nucleus and the cytoplasm. The gene product involves a number of
cellular  processes  such as  chromatin  remodeling,  genome stability,  ribosome biogenesis,
DNA duplication,  and transcriptional  regulation.  NPM1  also interacts  with a number of
proteins at the mitotic spindle and in the nucleolus and includes in regulation of the ARF/
p53 pathway [10, 11]. NPM1 is clearly having both growth promoting and tumor suppres‐
sive functions [11, 12].

In AML, there are some chromosomal translocations involving NPM1 gene. These genetic
alterations usually disturb the cellular transport of NPM1 [13]. In AML carrying the t(3;5)
(q25;q35) translocation, leukemic cells display fusion protein NPM1–MLF1 (myelodysplasia/
myeloid leukemia factor 1) and show aberrant NPM1 expression in cytoplasm [14]. In rare
cases of acute promyelocytic leukemia carrying the translocation t(5;17), the NPM1–RARα
fusion protein was detected [15]. The transforming role of partner genes in these cases is well
established [13]. Nevertheless, NPM1 moiety seems to be not only provides a dimerization
substrate for the C-terminal onco-protein. In vivo studies using mouse model have shown that
NPM1 is a haploinsufficient tumor suppressor gene [16]. Therefore, loss of NPM1 could also
contribute to the pathogenesis of AML [17, 18].

Mutations in the NPM1 gene represent one of the most common gene mutations in AML [19].
Approximately 25%–30% of AML patients and about 60%–85% of CN AML patients display
NPM1 mutation [13, 20]. NPM1 mutations are heterogeneous; more than 50 different variants
of mutations are identified. A more common variant of mutations is the insertion of four
nucleotides at position 288-290 at exon 12. Mutations type A with insertion of “TCTG” at
position 288 is the most frequent aberration (75%–80% of cases) [14, 19, 21]. In most cases (about
95%), three mutations types (A, B, and D) are found [13]. NPM1 mutations result in common
changes at the C-terminus end of the NPM1 protein, that is, changes of tryptophans and
insertion of a new nuclear export signal motif. These changes cause aberrant cytoplasmic
accumulation of NPM1 mutants, thus preventing or decreasing NPM1 binding to the nucleo‐
lus. Aberrant NPM1 expression in cytoplasm is easily detectable by immunohistochemistry
[21, 22]. NPM1 mutations often combined with other AML-associated mutations, especially
with FLT3 (fms-related tyrosine kinase 3), DNMT3A (DNA (cytosine-5-methyltransferase 3
alpha), IDH1 and IDH2 (isocitrate dehydrogenase 1 and 2 (NADP+)), NRAS (neuroblastoma
RAS viral (v-ras) oncogene homolog), and others. Most likely, these mutations do not accu‐
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mulate in a random order but instead could be allocated to early and late events in the
transformation process [5, 23].

The prognostic status of NPM1 depends on the presence of other concurrent genetic alterations.
In the absence of FLT3-internal tandem duplication (ITD) mutations, NPM1 mutations are
associated with improved outcome for CN AML patients, even in those older than 60 years [9].
Current European Leukaemia Net (ELN) recommendations for diagnosis and treatment of
AML determines CN AML with NPM1 mutation without FLT3 mutation as a favorable risk
and does not recommend allogeneic stem cell transplantation (alloSCT) in first complete
remission (CR) [9]. Recently, a beneficial prognostic effect of NPM1 mutations was reported
in AML patients with simultaneous mutations in IDH1 or IDH2 [8], whereas a worse prognosis
of CN AML without FLT3-ITD but with mutations in IDH1 or IDH2 has also been described
[24]. NPM1 mutations inform treatment decisions also in elderly patients because it identifies
those who might benefit from intensive chemotherapy.

NPM1 mutation provides a sensitive marker for minimal residual disease (MRD) detection by
qPCR. Because of their stability in the course of disease and relative homogeneity of mutation
pattern, NPM1 represent a useful target for MRD monitoring, in particular in CN AML. The
applicability of an RNA- or DNA-based q-PCR assay for NPM1mutation monitoring has been
shown by several groups [25-28]. Many authors have shown that NPM1 mutation as MRD
marker is a relevant factor for the identification of patients at high and low risk of relapse [28].

3. FLT3 mutations in AML

The FLT3 gene in chromosome band 13q12 encodes a protein known as fms-like tyrosine kinase
3, which belongs to the family of receptor tyrosine kinases (RTK). RTKs transmit signals from
the cell surface into the cell through a signal transduction. RTK3 family members are charac‐
terized by an extracellular domain comprised of 5 immunoglobulin-like domains and by a
cytoplasmic domain with a split tyrosine kinase motif [29, 30]. The FLT3 protein is located in
the membrane of certain cell types where FLT3 ligand binds it. FLT3 is highly expressed in
CD34+ hematopoietic progenitor cells and variable express in the more mature monocytic
lineage. FLT3 expression has been described in lymphohematopoietic organs such as the liver,
spleen, thymus, and placenta [30, 31].

The binding with ligand activates the FLT3 protein, which subsequently activates a series of
proteins inside the cell that are part of multiple signaling pathways and leads to receptor
oligomerization and transphosphorylation of specific tyrosine residues, which activates the
downstream signaling pathways including STAT5, RAS/mitogen-activated protein kinase,
and phosphatidylinositol 3-kinase/AKT. The signaling pathways stimulated by the FLT3
protein control many important cellular processes such as the growth, proliferation, and
survival of cells, particularly of hematopoietic progenitor cells [32, 33].

The FLT3 receptor consists of an extracellular domain composed of a transmembrane region,
a cytoplasmic juxtamembrane domain (JMD), and 2 cytoplasmic tyrosine kinase domains
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(TKD; TKD1 and TKD2) interrupted by a short kinase insert. The JMD can be subdivided into
3 distinct parts: the binding motif, which is implicated in activation and in stabilizing the
inactive kinase conformation; the switch motif, which consists of 2 phosphorylation sites and
contains the STAT5-binding motif; and the linker/zipper peptide segment, which can undergo
large amplitude rotations by pivoting about its attachment point [34].

Two predominant types of FLT3-activating mutations have been described in association with
AML. The first involves ITD mutations that are found in about 25% of adults and 15% of
pediatric AML cases [9, 35-37]. The FLT3 mutations lead to constitutive activation by auto‐
phosphorylation of the FLT3 RTK that could activate multiple signaling pathways and lead to
cell proliferation [38, 39]. ITDs are located in exons 14 and 15 of the FLT3 gene and show a
broad variation in the position of insertion site, as well as in the number and sizes of the
duplicated fragments. The length of the duplicated JMD region varies from 3 to 400 nucleotides
but, despite this heterogeneity, the resultant transcripts are always in-frame [40]. These
mutations are mostly located in the JMD. Localization outside the JMD is present in about 25%
of the cases [41-43].

FLT3-ITD mutations have a significantly adverse impact on prognosis due to a high relapse
rate, which translates into an inferior overall survival (OS) [23, 36, 44-46]. The effect on
prognosis is modulated by the mutated to wild-type allele ratio, with inferior outcome in the
presence of a higher load of ITDs in FLT3. The high FLT3-ITD/FLT3-WT ratio predict for low
CR rate and OS [42-44]. Localization outside the JMD was associated with inferior outcome
[42]. Many groups studied the role of alloSCT to overcome the negative impact of FLT3-ITD
in AML patients. Some data suggest that FLT3-ITD positivity also outweighs other conven‐
tional prognostic markers in predicting relapse [47]. Recently published data from the German-
Austrian AML Study Group showed that the high allelic ratio is a predictive factor for the
beneficial effect of alloSCT [43].

The second type of FLT3 mutation is point mutations, which most frequently occur in the
activation loop of the TKD. FLT3-TKD mutations occur in 10% of both adult and pediatric AML
patents [48]. These mutations also lead to constitutive tyrosine kinase activation. The most
common TKD mutation occurs at codon 835, converting aspartic acid to tyrosine (D835Y). Also
seen are mutations D835V, D835E, and D835H, converting aspartic acid to valine, glutamic
acid, and histidine at residue 835, respectively. The rare mutations convert glycine to glutamic
acid at residue 831 (G831E) and arginine to glutamine at residue 834 (R834Q), as well as the
deletion of isoleucine at residue 836 [36, 45, 48]. TKD mutations differ from ITD in FLT3 in
their biologically transforming potency. Prognostic impact of FLT3-TKD mutations remains
controversial [49, 50].

Specific gene expression signatures have been reported for CN AML with both FLT3-ITD and
FLT3-TKD1 mutations. The FLT3-ITD signature predicts a less favorable outcome analogous
to the FLT3-ITD mutation. High expression of wild-type FLT3 also seems to adversely affect
prognosis [51].

Sequencing studies show that FLT3 mutations frequently occur together with mutations and
alterations of other genes, especially DNMT3A (13.3%), NPM1 (6.8%), Wilms tumor 1 (WT1,
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5%), runt-related transcription factor 1 (RUNX1, 3.5%), mixed-lineage leukemia (MLL, 2.5%),
CCAAT/enhancer binding protein alpha (C/EBPα, 1.5%), and core-binding factor (1.5%) [8, 52].

In addition, FLT3-ITD mutation status is different approximately in 30% of AML patients
at the time of diagnosis and at relapse. FLT3-ITD mutations may be present in only a subset
of  leukemic  blasts,  consistent  with a  role  in  disease  progression.  This  data  suggest  that
FLT3-ITD may contribute as the initial transforming event in relapse of AML and it can
reflect the selection and outgrowth of a mutant clone or evolution of a new clone harbor‐
ing this mutation [53, 54].

Recent studies also show that both the FLT3 mutations, as well as the collaborating mutations,
can have prognostic significance. Recently published data submit that FLT3-ITD retains its
negative prognostic impact in intermediate-risk AML, even in the context of other genetic
abnormalities, such as NPM1, DNMT3A, and TET2 [8, 55].

The prevalence and prognostic implications of FLT3 mutations make them a promising
therapeutic target in AML. A number of tyrosine kinase inhibitors (TKI) against FLT3 are
currently in clinical trials, with varying degrees of clinical responses, but even those patients
who respond develop resistance to monotherapy [56]. One of the mechanisms of acquired
resistance to several FLT3 TKIs is the selection for FLT3-TKD mutations documented in
relapsed patients [57]. Moreover, some data reported that FLT3-TKD AML blasts do not confer
increased sensitivity to tyrosine kinase inhibition [58].

4. CCAAT/Enhancer-Binding Protein α (C/EBPα) mutations

The C/EBPα gene is localized on chromosome 19q13.1. This gene is intronless and it encodes
a transcription factor that contains two transactivation domains: a dimerization leucine zipper
region and a DNA-binding domain. It recognizes the CCAAT motif in the promoters of target
genes [59]. Activity of this protein can modulate the expression of genes involved in cell cycle
regulation. C/EBPα directly interacts with cyclin-dependent kinase 2 and 4 and arrests cell
proliferation by blocking the association of these kinase with cyclins [60]. C/EBPα is involved
in lineage specification as a transcription factor, it is crucial for the development of myeloid
progenitors to the neutrophils. It is exclusively expressed in myelomonocytic cells. C/EBPα is
specifically upregulated during granulocytic differentiation, and conditional expression of C/
EBPα alone is sufficient to trigger neutrophil differentiation in bipotential precursors. In
addition, C/EBPα is capable of arrest cell proliferation [61, 62]. C/EBPα regulates the expression
of many myeloid genes, including genes encoding growth factor receptors (granulocyte-,
macrophage-, and granulocyte-macrophage colony-stimulating factor) and the secondary
granule proteins [59, 61]. Numerous studies suggest that C/EBPα is a general inhibitor of cell
proliferation and a tumor suppressor [63, 64].

When C/EBPα gene is altered by mutations in AML, DNA-binding is altered or eliminated. C/
EBPα mutation was first described by Pabst and colleagues in 2001 [65]. These mutations are
detected in 10%–18% of CN AML patients and are predominantly found in M1 and M2
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detected in 10%–18% of CN AML patients and are predominantly found in M1 and M2
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morphological subtypes of AML [65, 66]. Clinically, C/EBPα mutations are associated with
lower leukocyte counts and lactate dehydrogenase levels and with aberrant expression of T-
cell surface markers such as CD7 at presentation [67].

C/EBPα mutations can occur across the whole coding region with two main spots frequently
involved, one of them affecting the N-terminus, another affecting the C-terminus. Mutations
in the amino terminus truncate the full-length protein. N-terminal mutations are nonsense
mutations leading to exert dominant-negative effects on the unmutated C/EBPα protein. As
the mutant proteins block the binding of wild-type C/EBPα with DNA, occurs transactivation
of granulocytes target genes and block of differentiation of myeloid progenitor cells. N-
terminal C/EBPα mutations allow the development of committed myeloid progenitors, which
represent templates for leukemia-initiating cells. C-terminal mutations are usually located
between the basic region and the leucine zipper coding sequence resulting in disturbed DNA
binding by the mutant protein as well as altered dimerization with its partner proteins [66].
C-terminus mutations increase the proliferation of premalignant stem cells and block myeloid
lineage differentiation when homozygous. The majority of all mutations are homozygous
mutations. Combination of both mutations is associated with accelerated disease development
[59, 60, 66, 68]. The mechanism of C/EBPα-mutant leukemogenesis has been demonstrated in
studies of C/EBPα knockout mice [69].

There is evidence that C/EBPα mutations are early events in the generation of leukemic clones.
In contrast to FLT3 mutation, in C/EBPα mutations, the majority of relapsed patients display
the same mutations in both C/EBPα alleles [69]. Schin et al. demonstrated that 91% of de novo
AML harboring C/EBPα mutations at diagnosis retained the identical mutant patterns but
frequently changed in the allelic distribution at relapse [70].

Three different C/EBPα mutant patterns have been reported in AML patients. One half of
patients carry single mutation on one allele (C/EBPα-sm), and these patients express wild type
of C/EBPα. Second half of patients have double-mutated C/EBPα (C/EBPα-dm). In these cases,
no wild-type C/EBPα protein is expressed. Some of C/EBPα mutated patients harbor bi-allelic
mutations with an N-terminal frame-shift mutation on one allele and a C-terminal in-frame
mutation on the other allele [71, 72]. Third variant of aberration is a homozygous C/EBPα
mutation due to loss of heterozygosity, also no wild-type C/EBPα protein is expressed [73].

Expression profiling revealed that C/EBPα mutant cases cluster together, suggesting that they
share similar gene expression signatures. Moreover, C-terminal C/EBPα-sm patients may be
less distinct from C/EBPα-dm cases than N-terminal C/EBPα-sm patients [68, 71, 74]. Recent
study suggest that homozygous C/EBPα mutations have a similar gene expression signature
as C/EBPα-dm and thus may be considered as equivalent [75].

Most patients with C/EBPα mutations had a normal karyotype. Importantly, C/EBPα mutations
have not been observed in patients with a favorable karyotype [76]. The association of deletion
9q and C/EBPα loss-of-function mutations could suggest that loss of a critical segment of 9q
and disruption of C/EBPα function possibly cooperate in the pathogenesis of del(9q) AML [77].
Concurrent mutations are significantly less frequent in C/EBPα-dm compared with C/EBPα-
sm AML. It is correct for FLT3-ITD and in particular for NPM1, which are essentially not
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present among C/EBPα-dm cases [68, 78, 79]. Recently, the mutation in transcription factor
GATA2 was found to have a strong association with C/EBPα-dm mutation [75].

The prognostic impact of C/EBPα mutations seems to be favorable. The most significant effect
of mutation on clinical outcome is its association with better relapse-free survival or OS [80-84].
Recent data show that a favorable outcome is limited to double, not to single, C/EBPα mutations
[71, 78]. These data suggest that only the C/EBPα-dm AML should be definitely designated as
AML with the favorable risk of molecular abnormalities [84]. These results have important
implications for the application of risk-stratified therapy and require confirmation. Given the
evidence of the prognostic value of C/EBPα mutations, analysis of a possible interaction
between FLT3-ITD and C/EBPα mutations is of particular interest. There are contradictory
studies whether coexisting FLT3-ITD adversely affects the favorable prognosis of C/EBPα
mutations. Some studies showed significantly worsened prognostic outcome in patients with
FLT3-ITD and C/EBPα mutations [82, 85]. In contrast, in other study negative prognostic
influence among patients with C/EBPα mutations were not found [81]. Obviously, further
studies of numerous concurrent mutations analysis are necessary to determine the relationship
between these molecular markers.

5. RUNX1 mutations

The runt-related transcription factor 1 (RUNX1) gene is located on chromosome 21q22 and it
consists of 10 exons. RUNX family proteins were found to have an essential role in the
regulation of gene expression by temporal transcriptional repression and epigenetic silencing
via chromatin alterations, especially in the context of chromosomal translocations. The protein
encoded by RUNX1 gene represents the alpha subunit of the core binding factor (CBF) and is
found to be involved in the development of normal hematopoiesis. CBF is a heterodimeric
transcription factor that binds to the core element of many enhancers and promoters [86].
RUNX1 protein consists of runt homology domain, transcription activation domain, and
repression domain. The runt homology domain is a highly conserved protein motif, it is
responsible for both DNA binding and heterodimerization with the beta-subunit of CBF. The
transcription activation domain is responsible for the interaction with a transcription coacti‐
vator of RUNX1 [87]. The RUNX1 gene is part of the t(8;21) fusion gene in CBF AML and is
also affected by recurrent gene mutations in AML. The RUNX1 gene is one of the most
frequently deregulated genes in leukemia.

The reported incidence of RUNX1 mutation in AML varied from 3% to 46% depending on the
patient population selected, the regions of RUNX1 screened, and the methods used [88-90].
The role of RUNX1 mutation in the leukemogenesis of AML remains to be defined. RUNX1
mutation, a class II mutation, has been implicated as the initiating event to block differentiation
of hematopoietic cells, and the subsequent class I gene mutation would synergistically provide
growth advantages of these cells and lead to the development of AML [88]. Most of RUNX1-
mutated patients concurrently had other gene mutations and the majority simultaneously
showed class I mutations, most commonly FLT3/ITD, FLT3/TKD, and N-RAS, which might
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result in hyperactivation of the receptor tyrosine kinase-RAS signaling pathways [88].
Interestingly, Tang et al. reported high coincidence of RUNX1 mutations with MLL/PTD, and
both FLT3/ITD and FLT3/TKD mutations [88].

RUNX1 mutations in AML are associated with poor outcomes, which contrast with the
favorable prognostic effect of gene fusions involving RUNX1 [88, 90]. Differential prognostic
value of chromosomal damage and mutation in RUNX1 consequences the importance of a
complete assessment of genetic factors in the pathogenesis of AML.

RUNX1 mutations are less frequent in cytogenetic high-risk AML and rarely occur in CBF-
AML and APL. Among intermediate-risk AML, RUNX1 mutations are mostly associated with
normal karyotype, with trisomy 8, and with trisomy 13 [90, 91]. With regard to the correlation
with other molecular makers, in some studies, a higher frequency of coincidence of FLT3
mutation and RUNX1 mutations was reported [88, 92]. But data from Dicker et al. did not
confirm that [89, 91]. Significant correlation of RUNX1 mutations with MLL-PTD and IDH
mutations and an inverse correlation with NPM1 and CEBPA mutations was observed in a
large cohort of AML patients [90]. Recently, rare coexistence of RUNX1 and NPM1 mutations
in de novo intermediate risk karyotype AML was reported [93, 94]. In the first study, it was
found that RUNX1 mutations in these cases were structurally unusual when compared to
RUNX1 mutations observed in NPM1 wild-type cases and located outside the RUNX1
homology domain and were also present in the germline. However, later study did not confirm
structurally unusual RUNX1 mutations in NPM1 mutated cases. These data could suggest that
FLT3, RUNX1, MLL-PTD, and IDH mutations contribute to leukemogenesis by other mecha‐
nisms than do NPM1 and C/EBPα mutations.

6. RAS mutations

The RAS oncogene family was the first human oncogene discovered in human cancer and has
been extensively studied over the last 3 decades. RAS gene is named for “rat sarcoma.” The
RAS gene family is comprised of three homologues, HRAS (11p15.5), KRAS (12p12.1), and
NRAS (1p13.2). The members of the RAS family are tyrosine kinase receptors that are important
participants of many signaling pathways connected with functional control of a large variety
of cellular effects including cell cycle progression, growth, migration, cytoskeletal changes,
apoptosis, and senescence. The crosstalk between these multiple signaling pathways and
others controlled by different sets of signaling molecules creates molecular networks whose
balance is crucial to determine the final outcome of cellular responses in the cell [95, 96]. RAS
proteins function as a conduit for signals received from RTK on the cell surface through
downstream cell signaling partners to nuclear transcription factors regulating cell growth and
cell-cycling proteins [97]. Under physiologic conditions, RAS activation is initiated by binding
with ligand that induces RTK autophosphorylation, dimerization, and activation [98].

Mutations in RAS genes are frequent in AML and exemplify mutation Class I, initiating key
downstream hyperproliferative signal transduction pathways. NRAS mutations are the most
common. NRAS and KRAS mutations are present in about 25% and 15% of AML patients [52].

Gene Mutations in Acute Myeloid Leukemia — Incidence, Prognostic Influence, and…
http://dx.doi.org/10.5772/60928

83



Constitutive activation of RAS originates from mutations in RAS itself or from mutation or
overexpression of related RTK such as FLT3 or KIT. Activated NRAS signals get through the
several pathways to mediate oncogenic effects, especially the MAPK, PI3K–AKT, and Ral–
GDS pathways [97, 98]. In contrast to other gene mutations frequently involved in AML, NRAS
mutations are present much more often in patients with myelodysplastic syndromes (MDS)
and secondary AML (sAML) arising from MDS. An analysis of samples from MDS patients
and sAML identified only a modest increase in the frequency of NRAS mutations in the sAML
cohort compared with the MDS group, suggesting that NRAS mutations may be an early event
in MDS [89].

Despite being initially described almost 30 years ago, the prognostic implications of RAS
mutations remain controversial. Several studies indicate that RAS mutation did not impact
prognosis in CN AML patients [99, 100]. In contrast, RAS mutations have been linked to an
inferior outcome in AML by some researchers [101]. In childhood AML, activating NRAS
mutations commonly in cooperation with NPM1 mutations occur frequently in the favorable
risk population [102].

No association NRAS mutations with cytogenetic alterations have been identified. NRAS are
similarly distributed among the major cytogenetic groups [102]. NRAS has been previously
found to correlate with abnormalities of chromosomes 3 and 16 [100, 103]. However, this was
not confirmed in the next study [102]. RAS mutations tend to occur together with NPM1
mutations, while coexistence of RAS mutations with FLT3-ITD, CEBPA, or WT1 appears to be
less common [99, 102].

7. KIT (CD117) mutations

The KIT gene is located on chromosome 4q12 and encodes transmembrane glycoprotein that
belongs to a family of the type III RTK. The structure of RTK consists of five immunoglobulin-
like domains in the extracellular portion of the receptor, a transmembrane and juxtamembrane
domain, and an intracellular kinase domain [104]. The KIT protein is found in the cell mem‐
brane and binds with ligand. This binding activates the KIT protein, which then activates other
proteins inside the cell by adding a phosphate group at specific positions. This phosphoryla‐
tion leads to the activation of a series of proteins in multiple signaling pathways. The signaling
pathways stimulated by the KIT control cell growth, proliferation, survival, and migration of
cells [104, 105]. The majority of stem cells in the bone marrow express CD117. KIT expression
and intensity on normal blast cells in the bone marrow decrease during maturation as a strong
negative regulation during hematopoiesis. KIT is expressed on the surface of leukemic blasts
in 80% of AML patients.

Ligand-independent activation of KIT can be caused by gain-of-function mutations that have
been reported in core binding factor (CBF) AML [106, 107]. In cytogenetically favorable CBF-
AML, which is associated with t(8;21)(q22;q22) and inv(16)/t(16;16)(q13;q22), KIT mutation is
found most frequently within exon 17, which encodes the KIT activation loop in the kinase
domain, and in exon 8, which encodes a region in the extracellular portion of the KIT receptor
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[104, 108, 109]. Mutations of KIT occur in 20%–25% of t(8;21) and in approximately 30% of
inv(16) cases [106].

The clinical significance of KIT mutations in CBF-AML has been intensively studied. The
clinical significance of c-KIT mutations in CBF-AML is potentially related to mutation type,
patient age, and type of chromosomal translocation. Paschka et al. reported that KIT mutations
confer higher relapse risk and adverse OS in AML with inv(16) and t(8;21) AML [106, 110].
Contrary to most published studies, in a single CBF AML group no association between c-KIT
mutations and prognosis of AML was found [107]. Various further studies confirmed that C-
KIT mutations linked to adverse outcome in patients with t(8;21) but not in inv(16)/t(16;16)
AML [108, 111-113]. National Comprehensive Cancer Network (NCCN) guidelines have
defined t(8;21) and inv(16) AML with KIT mutations as intermediate risk guidelines, whereas
ELN has provided no further recommendation for those with a KIT mutation [9, 114].

8. TET2 mutations

The TET (ten–eleven translocation) protein family includes three members (TET1, TET2, and
TET3) and is involved in the epigenetic regulation, in particular, responsible for demethylation.
TET2 gene located on chromosome 4q24 and catalytic activity converts 5-methylcytosine to 5-
hydroxymethylcytosine in an α-ketoglutarate-dependent reaction [115]. TET proteins further
oxidize 5-hydroxymethylcytosine to formylcytosine and carboxylcytosine, which are replaced
by unmodified cytosines through the DNA repair machinery [115]. The data published
suggests a role for the TETs in the regulation of gene expression through modification of
chromatin at promoter regions [116]. The TET family members have two highly conserved
regions, an N-terminal cysteine-rich domain followed by a 2-oxoglutarate -Fe(II) oxygenase
characteristic double-stranded b-helix [117]. Somatic loss-of-function mutations in TET2 gene
occur in a significant proportion of patients with myeloid malignancies. In AML, TET2
mutations affect 7%–10% of the adult and 1.5%–4% of pediatric patients [118-121].

TET2 mutations show loss-of-function phenotype [118, 122] and are anticipated to result in
hypermethylation [123]. It was shown that TET2 mutation samples display low levels of 5-
hydroxymethylcytosine compared with normal controls, supporting a functional relevance of
TET2 mutation in leukemogenesis. TET2 mutant AML displays increased promoter methyla‐
tion [123]. In addition, it was shown that TET2 mutants do not suppress the function of the
wild-type protein and hence do not show dominant negative traits [118].

Several studies based on mouse model suggested that TET2 mutation occurs in progenitor
cells, which creates a predisposition to the development of myeloid malignancy. These studies
confirm the role of TET2 mutations in the pathogenesis of myeloid malignancies. Therefore,
TET2 mutation may exist as an early event, and in cooperation with secondary mutations,
drives the phenotype of the disease [124, 125].

TET2 mutations were spread over all cytogenetic subgroups. It was reported that TET2
alterations are associated with NPM1 and FLT3-ITD mutations [119, 121, 126]. Recent data
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observed that TET2 and IDH1/2 mutations were mutually exclusive in a large, genetically
annotated de novo AML cohort, suggesting that these lesions may be biologically redundant
[123]. The high incidence of DNMT3A mutations in both of these groups was reported [118].

This could indicate of a cooperative mechanism through which mutations impairing DNA
hydroxymethylation and DNA methylation contribute to leukemogenesis [118].

The prognostic relevance of TET2 mutation is still not well established and remains contro‐
versial. In some studies no prognostic impact of TET2 mutations on clinical outcome as well
as in CN AML subtype was observed [121, 126]. A study of Cancer and Leukemia Group B
Study with a large cohort of AML patients reported an adverse prognostic impact in the
molecular favorable-risk cytogenetically CN AML group whereas there was no impact of
mutation in the intermediate risk I group [120]. In a study by Chou et al., shorter OS was
observed in patients with intermediate-risk cytogenetic [119]. An integrated genetic analysis
revealed that mutations of TET2 gene are associated with poor OS in intermediate risk patients,
regardless of the presence of the FLT3-ITD mutation. Weissmann et al. also showed a negative
impact of TET2 mutations on survival in favorable risk AML patients with normal cytogenetics
[127]. Most recently, the negative effect of TET2 mutation on OS was confirmed in various risk
groups in adult AML patients less than 60 years of age [118].

In addition, recently demonstrated low levels of TET2 expression as a poor prognostic marker
for patients without TET2 or IDH1 mutations can suggest that both loss of function mutations
and low expression of TET2 are markers of poor prognosis in AML [118]. The development of
target therapies could be beneficial for these patients [118].

9. IHD1 and IDH2 mutations

Isocitrate dehydrogenases (IDH) 1 and 2 are NADP-dependent enzymes of the citrate cycle
that convert isocitrate to α-ketoglutarate. IDH1 and IDH2 genes encode cytoplasmic/peroxi‐
somal isocitrate dehydrogenase 1 and mitochondrial isocitrate dehydrogenase 2, respectively.
These are homodimeric, NADP+-dependent enzymes that catalyze the oxidative decarboxy‐
lation of isocitrate to α-ketoglutarate (α-KG), generating NADPH from NADP+. NADPH is
an important source of synthetic reducing power and has key functions in cellular detoxifica‐
tion processes. Both genes function in a crossroads of cellular metabolism, cellular defense
against oxidative stress, oxidative respiration, and oxygen-sensing signal transduction [128].

Somatic mutations in IDH1 and IDH2 occur frequently (50%–80%) in adult glioma [129]. In de
novo CN AML, IDH1/2 mutations occur in 15% and in 20% in sAML [24, 123, 130]. The
frequency is higher in CN AML and in elderly patients. In contrast with glioma, in AML, IDH2
mutations occur more frequently than IDH1 mutations, with IDH2-R140Q as the most common
mutation [131, 132].

The typical IDH1 mutation affects the evolutionary conserved arginine residue 132 (IDH1
R132) and the analogous amino acids 172 (IDH2 R172) and 140 (IDH2 R140) of the IDH2 gene
[133]. A great variety of IDH1/2 mutants were reported (IDH1-R132, IDH2-R140, IDH2-R172
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and their variants). All of them possess varying enzymatic properties. The most common
IDH1/2 mutants in AML, IDH2 R140Q, and another mutant IDH1-R132H are weak D-2HG
producers, as compared with other variants. Different mutant, IDH1 R132C, produces
relatively high levels of D-2HG [129]. It has been hypothesized that in oncogenesis, the
intracellular D-2HG concentration that gives the largest growth advantage varies depending
on the tumor’s cell type of origin. This could explain why each type of cancer has a specific
IDH1/2 mutation. In addition, an IDH1/2 mutation and the subsequent high D-2HG levels may
affect which specific type of cancer is being formed [129, 134]. Acquired somatic mutations of
IDH1 and IDH2 genes contribute to abnormal metabolic processes. Despite these effects of 2-
HG on DNA and histone methylation, there is a growing consensus that, while obviously
important, IDH1/2 mutations are insufficient to drive neoplasia [134]. IDH1 and IDH2 missense
mutations were infrequent in patients with preleukemic disorders, particularly in MDS,
Paroxysmal nocturnal hemoglobinuria (PNH), and Aplastic anemia (AA) patients, suggesting
that these genetic alterations may not be essential in the development and transformation of
preleukemic disorders to AML [135].

In AML, IDH1 mutations correlate with worse patient survival, whereas IDH2-R140Q
mutations are associated with a moderately prolonged survival [136, 137]. Prognostic effect is
known to depend on certain biological factors as well as a combination of cytogenetics and
other mutations such as those in FLT3 and NPM1 [24, 130-132].

IDH mutations in AML are predominantly associated with CN AML and NPM1 mutations.

IDH1 and IDH2 mutations are mutually exclusive of each other, or with TET2 mutations, which
suggests functional redundancy [123].

10. DNMT3A mutations

Somatic mutations in the DNMT3A have been reported approximately in 22% of de novo AML
and 36% of CN AML [138]. Mutations in DNMT3A were first described by Ley et al. using
whole genome sequencing [139]. DNMT3A belongs to the mammalian methyltransferase gene
family which is responsible for tissue-specific gene expression [140]. DNA methyltransferases
are the key enzymes for genome methylation, which plays an important role in epigenetically
regulated gene expression and repression. DNMT3A together with other methyltransferase
conducts de novo methylation of cytosine residues in CpG islands by the enzymatic addition
of methyl residues from S-adenosyl-L-methionine to the 5-carbon atom of the cytosine ring.
CpG islands are often located proximate to gene promoters thereby regulating their activation.
Actively transcribed genes display unmethylated CpG islands that supports the euchromatin
structure whereas methylated CpG islands are associated with untranscribed genes stabilizing
the heterochromatin structure [141, 142]. Cancer genomes are most commonly characterized
by global DNA hypomethylation. However, cancer cells also typically exhibit distinct regions
of DNA hypermethylation, which are particularly well characterized in the CpG islands of
promoter regions of tumor-suppressor genes. DNMT3A mutations are typically heterogenous.
More common, mutations affect residual R882 within the methyltransferase domain [139, 143].
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The biology of DNMT3A is not fully understood. Holz-Schietinger et al. reported that muta‐
tions in DNMT3A could retard its function by multiple mechanisms as changes in the catalytic
properties, its processivity, and the disruption of interaction with binding partners [144].
Furthermore, Russler-Germain et al. found that mutations in the position R882 inhibit the
formation of active tetramers of DNMT3A [145]. The impaired function of mutated DNMT3A
leads to a hypomethylated genome of myeloid cells possibly promoting leukemogenesis and
influencing disease outcome [146]. DNMT3A mutations are typically heterozygous. Continued
expression of both mutated and wild-type DNMT3A in heterozygous cells, observed in vitro,
suggests a dominant negative or possibly a neomorphic gain of function role for DNMT3A
mutations in AML [147].

Since the DNMT3A mutations are present in the early preleukemic cells, this alteration seems
to be a “founder” mutation, which can be implicated as functional components of AML
evolution [148, 149]. DNMT3A mutations are highly associated with NPM1, FLT3, IDH1, and
IDH2 [150, 151]. Patients with DNMT3A mutations are typically older than average, have a
higher white cell count, and are more likely to have monocytic or myelomonocytic leukemia
(FAB M4/M5) [8].

Several studies reported a negative prognostic impact of DNMT3A mutations [150-154].
Prognostic effect is known to depend on certain biological factors as well as a combination of
cytogenetics and other mutations such as those in FLT3 and NPM1.

Some authors have found stability of DNMT3A mutations during the course of disease;
therefore those aberrations could be a potential marker for minimal residual disease (MRD).
Furthermore, the presence of DNMT3A mutations seems to be associated with the incidence
of FLT3-ITD-positive clones at relapse possibly influencing the responsiveness of FLT3-
positive cases to chemotherapy [155, 156]. In contrast, Hou et al. reported persistence of
DNMT3A mutations at CR in AML patients, which later achieved relapse and died of disease
progression. These data could relate the persistence of DNMT3A mutations and high risk of
relapse [156]. Recently, Pløen et al. have identified persistence of DNMT3A mutations in long-
term remission of patients with AML that received cytoreduction or palliative therapy [157].
Using cell-sorting, the authors showed that DNMT3A mutations were present in T-cells and
B-cells at diagnosis in some patients, and also in T-cells several years after diagnosis. The
presence of DNMT3A in both B-cells and T-cells could lead to assumption that mutation had
occurred in an early pre-leukemic stem cell prior to the acquisition of other genetic events, and
could be resistant to chemotherapy [157]. Therefore, further exploration of the role of DNMT3A
R882H mutations for the progression of AML disease is needed.

Recent discoveries utilizing whole-exome sequencing in a large cohort of persons unselected
for cancer or hematologic phenotypes have demonstrated somatic mutations in significant
proportion of persons particularly older than 65 years. Moreover, DNMT3A gene together with
TET2, ASXL1 (additional sex combs like transcriptional regulator 1), and PPM1D (Protein
phosphatase 1D) had disproportionately high numbers of somatic mutations [5, 158]. The data
suggest that mutations in pre-leukemic cells could precede leukemia. Furthermore, DNMT3A
mutations could drive clonal expansions.
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11. Conclusion

The whole gene analysis has revealed that leukemic cell carry hundreds of mutated genes.
Most of them are “passenger” mutations, which do not provide a selective advantage, and a
less number of mutations are “driver” mutations. The latter can cause the tumor. The simul‐
taneous presence of genetic alterations with different functional effects on hematopoietic
progenitors led to the concept of leukemogenesis as a multi-step process that ultimately gives
rise to malignant transformation. Evidence from many murine models confirmed that a single
genetic change is not sufficient for the occurrence of AML. Moreover, two modern studies have
demonstrated that somatic mutations that drive clonal expansion of blood cells were a common
finding in the elderly and most frequently involved DNMT3A, TET2, or ASXL1. The age-
related clonal hematopoiesis is a common premalignant condition that is also associated with
increased overall mortality [5, 158]. Overall this knowledge has provided useful elements to
stratify AML patients into different subgroups, resulting in better prognosis and therapy.
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Abstract

Acute myeloid leukemia (AML) is a heterogeneous condition characterized by clonal
proliferation of myeloid precursors and accumulation of leukemic blasts in the bone
marrow (BM), ultimately resulting in failure of the BM. It accounts for approximately
80% of cases of acute leukemia in adults. AML has several life-threatening complica‐
tions.

After establishing the diagnosis of AML, classifying the disease into the appropriate
subtype, stratifying the risk group and determining fitness of the patient for chemo‐
therapy, induction treatment is usually commenced. For elderly individuals and those
unfit for chemotherapy, several alternative therapeutic options are available. After
achieving complete remission of the disease, the patient will either receive consoli‐
dation therapy or will be subjected to hematopoietic stem cell transplantation (HSCT).
Autologous and allogeneic forms of HSCT have their own indications, inclusion as
well as exclusion criteria. The recent advancements in the diagnostics and therapeutics
have facilitated the introduction of personalized therapy in patients with AML. There
are several targeted therapies for AML and their clinical use is increasing with time.
Evaluation of minimal residual disease and determination of drug resistance are vital
tools to improve the outcome of AML therapy.

Keywords: Acute myeloid leukemia, induction chemotherapy, hematopoietic stem cell
transplantation, drug resistance and residual disease
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1. Introduction

AML is a heterogeneous condition, or group of disorders, at both phenotypic and molecular
levels with a variety of distinct genetic alterations that give rise to the disease [1]. It is charac‐
terized by clonal cells that exhibit maturation defect corresponding to the stages in hemato‐
poietic differentiation [2]. Leukemic stem cells (LSCs) play a major role in the maintenance of
AML, while the bone marrow (BM) microenvironment permits leukemogenesis as well as
disease progression [2,3]. Various environmental exposures such as exposure to chemicals and
radiation, and various infections in addition to hereditary factors can predispose vulnerable
individuals to develop AML [2,4,5]. The two-hit hypothesis of leukemogenesis is characterized
by two types of genetic mutations that evolve following certain environmental exposures [2].

AML accounts for approximately 80% of cases of acute leukemia in adults [6]. It is characterized
by clonal proliferation of myeloid precursors and accumulation of leukemic blasts in the BM,
ultimately resulting in various cytopenias due to BM failure [6-8]. After establishing the
diagnosis of AML, the disease is classified into the appropriate type and cytotoxic chemother‐
apy is commenced in order to control the disease and restore BM function [6,8,9]. Currently,
various induction regimens are available for AML patients belonging to various age groups
[9-11]. Once the disease is controlled, patients usually receive post-remission therapy (PRT)
and the choice of treatment depends on several factors including: age of the patient, perform‐
ance status, comorbid medical conditions, availability of donors for HSCT and experience of
the medical institution, particularly if stem cell therapy is considered [10-12].

This review on AML will cover the following aspects: insights into the pathogenesis of AML;
complications of AML with particular attention to various infections; diagnosis, classification
and risk stratification; AML in special situations such as: old age, pregnancy, Philadelphia
chromosome positivity and therapy-related AML (t-AML). The available and future AML
therapeutics will cover the following: induction, consolidation and maintenance therapies;
drug resistance; treatment of relapsed and refractory disease; various forms of HSCTs;
immunotherapies; and newly evolving targeted therapies in AML.

2. Etiology and pathogenesis of AML

The existence of cancer stem cells (CSCs) was established about two decades ago, following
demonstration that only a small fraction of leukemic cells from AML patients were able to
propagate the disease in xenografts [1]. AML appears to be maintained by LSCs or leukemia-
initiating cells that are more immature than the majority of circulating leukemic cells and are
capable of self-renewal [2]. Thus, the heterogeneity of AML extends to LSC compartment at
both cellular and molecular levels [1]. Further identification of LSC-specific markers paves the
way for novel therapeutic platforms, although no single marker has been found to be uniform
for LSCs [1]. However, the following surface markers are expressed by LSCs: (1) strongly
positive CD13, CD33, CD123, CD44, CD45, CD96 and TIM3, (2) positive CD25, CD32, CD45
RA and CLL-1, and (3) weakly positive CD34, CD38 and CD90 [reviewed in 1].
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The two-hit hypothesis of leukemogenesis implies that AML is a consequence of at least 2
mutations: (1) class I mutations that confer a proliferative advantage, and (2) class II mutations
that impair hematopoietic differentiation [2]. These leukemic mutations may occur following
the exposure to: cytotoxic chemotherapy, ionizing radiation, chemical compounds and
infection with retroviruses. Additionally, certain familial disorders are associated with
increased incidence of AML [2].

The BM is a dynamic network of growth factors, cytokines and stromal cells that provide a
permissive environment of leukemogenesis and tumor progression. The BM stroma and
leukemic blasts promote angiogenesis which is enhanced in AML [3]. Vascular endothelial
growth factor (VEGF), basic fibroblast growth factor and angioproteins are the main proan‐
giogenic mediators in acute leukemia. Also, high expression of CXC chemokine ligand 4
(CXCR4) by leukemic blasts and activation of CXCR4-CXCR14 axis are involved in the
disruption of normal hematopoiesis and progression of leukemia [3]. Tumor microenviron‐
ment has a major role in cancer progression and resistance to treatment and, recently, it has
been receiving particular attention reflecting its vital importance in cancer progression. The
interaction between leukemic cells, BM microenvironment stromal cells and soluble mediators
plays a critical role in blast survival, disease progression and resistance to chemotherapy [3].

Hematopoietic stem cells (HSCs) are a unique population of somatic stem cells that are capable
of self-renewal and differentiating into myeloid and lymphoid lineages [4]. The accumulation
of genetic mutations and cytogenetic abnormalities, within partially differentiated cells
belonging to the myeloid lineage, following the exposure to benzene and cytotoxic anticancer
agents can give rise to malignancies such as AML [4]. However, the etiology of AML is
multifactorial and the following can predispose to the development of AML: (1) exposure to
ionizing radiation and chemicals, (2) long-term exposure to benzene, (3) exposure to cytotoxic
chemotherapy in t-AML, (4) infection with retroviruses, (5) familial forms of AML, (6)
secondary to myelodysplastic syndrome (MDS), (7) secondary to congenital disorders of DNA
repair such as Fanconi anemia, and (8) secondary to chronic myeloproliferative neoplasms
(MPNs) such as: polycythemia rubra vera, chronic myeloid leukemia (CML), essential
thrombocythemia and primary myelofibrosis [2,4,5]. Thus, AML is a heterogeneous disease in
terms of the underlying chromosomal or molecular aberrations [13]. However, despite genetic
heterogeneity, there is increasing evidence for common molecular and biological mechanisms
in AML [13].

3. Diagnosis and classification of AML

AML refers to a group of hematopoietic neoplasms involving cells committed to the myeloid
line of cellular development [7]. It is characterized by a clonal proliferation of myeloid
precursors and reduced capacity to differentiate into more mature cellular elements [7]. AML
should be suspected in any patient presenting with varying combinations of the following: (1)
manifestations of anemia such as fatigue, dyspnea, dizziness and pallor; thrombocytopenia
such as bruising and excessive bleeding; and neutropenia or neutrophils dysfunction such as
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various infectious complications, (2) marked reduction in red blood cells, platelets and mature
neutrophils on complete blood count, and (3) the presence of leukemic blasts on peripheral
blood, BM and other tissues [6]. AML is diagnosed by BM biopsy using morphologic, cyto‐
chemical, immunophenotypic and cytogenetic analyses and molecular assays. Blasts should
account for at least 20% of the total cellularity of the BM biopsy sample, except in leukemia
with certain cytogenetic abnormalities and myeloid sarcoma which are diagnostic of AML
regardless of the proportion of blast cells [6]. The blast forms must be identified as cells
belonging to the myeloid, not the lymphoid, lineage. AML blasts express the following surface
markers: CD13, CD32, CD33, CD34, CD38, CD64, CD11b, CD4 dim and HLA-DR [6]. After
establishing the diagnosis of AML, the disease should be classified into the appropriate
subtype according to the World Health Organization (WHO) classification scheme and/or the
French-American-British (FAB) classification as shown in Tables 1 and 2 [6,14,15]. The subtype
of AML is essential for prognostic scoring and therapeutic interventions [6]. The WHO
classification system of AML is based on: morphology, immunophenotyping, genetics and
clinical grounds and thus the 4 main subgroups of AML include: (1) AML with recurrent
genetic mutations that accounts for 11% of all cases of AML, (2) AML with MDS-related
features (6%), (3) t-AML and therapy-related MDS (t-MDS) (2%), and (4) AML, not otherwise
specified, accounting for 81% of all cases as shown in Table 1 [6,8,14].

(1) AML with recurrent genetic abnormalities:

(a) AML with t(8,21) (q22, q22) RUNX1-RUNX1T1 (CBFA-ETO)

(b) AML with inv 16 (p3q22) or t(16,16) (p3q22) CBFB-MYH11

(c) APL with t(15,17) (q22,q12) PML-RARA

(d) AML with t(9,11) (q22,q23) MLLT3-MLL and other balanced translocations of 11q23 (MLL)

(e) AML with t (6,9) (p23,q34) DEK-NUP214

(f) AML with inv(3) (q21q26.2) or t(3,3)(q21,q26.2) RPNI-EV11

(g) AML (megakaryoblastic) with t(1,22)(p13,q13) RBM15-MKL1

(h) AML with mutated NPM (provisional entity)

(i) AML with mutated CEBPA (provisional entity)

(2) AML with myelodysplasia-related changes

(3) Therapy-related myeloid neoplasms; t-MDS and t-AML

(4) AML; NOS; not otherwise specified:

(a) AML with minimal differentiation

(b) AML without maturation

(c) AML with maturation

(d) Acute myelomonocytic leukemia

(e) Acute monoblastic/monocytic leukemia

Leukemias - Updates and New Insights104



various infectious complications, (2) marked reduction in red blood cells, platelets and mature
neutrophils on complete blood count, and (3) the presence of leukemic blasts on peripheral
blood, BM and other tissues [6]. AML is diagnosed by BM biopsy using morphologic, cyto‐
chemical, immunophenotypic and cytogenetic analyses and molecular assays. Blasts should
account for at least 20% of the total cellularity of the BM biopsy sample, except in leukemia
with certain cytogenetic abnormalities and myeloid sarcoma which are diagnostic of AML
regardless of the proportion of blast cells [6]. The blast forms must be identified as cells
belonging to the myeloid, not the lymphoid, lineage. AML blasts express the following surface
markers: CD13, CD32, CD33, CD34, CD38, CD64, CD11b, CD4 dim and HLA-DR [6]. After
establishing the diagnosis of AML, the disease should be classified into the appropriate
subtype according to the World Health Organization (WHO) classification scheme and/or the
French-American-British (FAB) classification as shown in Tables 1 and 2 [6,14,15]. The subtype
of AML is essential for prognostic scoring and therapeutic interventions [6]. The WHO
classification system of AML is based on: morphology, immunophenotyping, genetics and
clinical grounds and thus the 4 main subgroups of AML include: (1) AML with recurrent
genetic mutations that accounts for 11% of all cases of AML, (2) AML with MDS-related
features (6%), (3) t-AML and therapy-related MDS (t-MDS) (2%), and (4) AML, not otherwise
specified, accounting for 81% of all cases as shown in Table 1 [6,8,14].

(1) AML with recurrent genetic abnormalities:

(a) AML with t(8,21) (q22, q22) RUNX1-RUNX1T1 (CBFA-ETO)

(b) AML with inv 16 (p3q22) or t(16,16) (p3q22) CBFB-MYH11

(c) APL with t(15,17) (q22,q12) PML-RARA

(d) AML with t(9,11) (q22,q23) MLLT3-MLL and other balanced translocations of 11q23 (MLL)

(e) AML with t (6,9) (p23,q34) DEK-NUP214

(f) AML with inv(3) (q21q26.2) or t(3,3)(q21,q26.2) RPNI-EV11

(g) AML (megakaryoblastic) with t(1,22)(p13,q13) RBM15-MKL1

(h) AML with mutated NPM (provisional entity)

(i) AML with mutated CEBPA (provisional entity)

(2) AML with myelodysplasia-related changes

(3) Therapy-related myeloid neoplasms; t-MDS and t-AML

(4) AML; NOS; not otherwise specified:

(a) AML with minimal differentiation

(b) AML without maturation

(c) AML with maturation

(d) Acute myelomonocytic leukemia

(e) Acute monoblastic/monocytic leukemia

Leukemias - Updates and New Insights104

(f) Acute erythroid leukemia (erythroid/myeloid and pure erythroleukemia)

(g) Acute megakaryoblastic leukemia

(h) Acute basophilic leukemia

(i) Acute panmyelosis with myelofibrosis

(5) Myeloid Sarcoma

(6) Myeloid proliferation related to Down syndrome (+21);

- Transient abnormal myelopoiesis

- Myeloid leukemia associated with Down syndrome

(7) Blastic plasmacytoid dendritic cell neoplasms

WHO: World Health Organization

Table 1. WHO classification of AML related tumors

FAB subtype Morphological classification
Percentage of all

AML cases

AML - M0 Undifferentiated acute myeloid leukemia 5%

AML - M1 Acute myeloid leukemia with minimal maturation 15%

AML - M2 Acute myeloid leukemia with maturation 25%

AML - M3 Acute promyelocytic leukemia 10%

AML - M4 Acute myelomonocytic leukemia 20%

AML - M4 e05 Acute myelomonocytic leukemia with eosinophilia 5%

AML - M5 Acute monocytic leukemia 10%

AML - M6 Acute erythroid leukemia 5%

AML - M7 Acute megakaryocytic leukemia 5%

FAB: French – American - British

AML: acute myeloid leukemia

Table 2. FAB classification of acute myeloid leukemia

Several cytogenetic abnormalities and genetic mutations have been reported in patients with
AML as shown in Tables 3 and 4 [12,15]. In AML patients with normal cytogenetics, certain
mutational abnormalities are present and these molecular mutations have their impact not
only on the response to chemotherapeutic regimens, but also on the overall prognosis of
patients as shown in Tables 5 and 6 [12,16-22]. According to their cytogenetic abnormalities
and their molecular profiles, patients with AML are stratified into 4 risk groups, namely
favorable, intermediate I, intermediate II or unfavorable as shown in Table 6 [12,21,22].
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Translocation or
chromosomal Abnormality

Oncofusion protein
involved

Frequency of occurrence
in AML

t (8,21) AML1 - ETO 10%

t (15,17) PML - RARA 10%

inv (16) CBF - MYH11 5%

der (11q 23) MLL - fusions 4%

t (9,22) BCR - ABL 2%

t (6,9) DEK - CAN <1%

t (1,22) OTT - MAL <1%

t (8,16) MOZ - CBP <1%

t (7,11) NUP 98 - HOX A9 <1%

t (12,22) MN1 - TEL <1%

inv (3) RPN - EV11 <1%

t (16,21) FUS - ERG <1%

Table 3. Chromosomal abnormalities and their frequencies in AML

Category Frequency Examples

Transcription
factor fusions

18% - PML / RARA
- CBFB / MYH11
- RUNX1 / RUNX1T1
- PICALM – MLLT10

NPM1 mutations 27% -

Tumor
suppresser genes

16% - TP 53
- WT1
- PHF 6

DNA methylation 44% - DNMT3A
- DNMT3B
- DNMT1

- TET1
- TET2
- IDH1
- IDH2

Activated
signals

59% - FLT3
- KIT

- KRAS
- NRAS

- Other tyrosine kinases
- Serin-theonine kinases
- PTP: protein tyrosine phosphatases

Myeloid transcription
factors

22% - RUNX1
- CEBPA
- Other myeloid transcription factors

Chromatin modifiers 30% - MLL fusions
- MLL - PTD
- NUP 98 – NSD1

- ASXL1
- EZH2
- KDM6A

Cohesion
complex

13% -

Spliceosome complex 14% -

Table 4. Gene mutations in acute myeloid leukemia
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Genetic
mutation

Chromosome
involved

Frequency in
CN - AML

Prognostic impact

NPM1 5q35 45-60% Favorable * Higher CR rates
* Better OS, EFS and DFS

CEBPA 19q13.1 10-15% Favorable * Better OS, EFS and DFS

IDH1 2q33 7.6-13.6% Unfavorable * Worse DFS
* High risk of relapse

IDH2 15p26 8.7-19% Unfavorable * Shorter OS and lower remission
rates
* High frequency of induction
failure

WT-1 11q13 10-13% Unfavorable * Shorter OS and DFS
* Lower CR rates and higher
relapse rates

FLT-ITD 13q12 25-35% Unfavorable * Worse OS and DFS

MLL-PTD 11q23 11% Unfavorable * Worse median survival and RFS
* Shorter duration of remission

DNMT3A 2p23.3 15-36.1% Unfavorable in young
and older patients

* Worse OS, EFS and risk free
survival
* Lower CR rates

TET2 4 q 24 7 - 34% Unfavorable in young
and
older patients

* Worse OS and EFS
* Lower CR rates
* Poorer prognosis in favorable risk
CN-AML

ASX1 -1 20 q11 5.3 - 17.2% Unfavorable * Worse OS and EFS
* Poorer prognosis in favorable risk
CN-AML

RUNX 1 8 q 22 6.3 - 13.2% Unfavorable

EZH 2 - Occasional in
AML

Unfavorable * Carries poor prognosis in AML
secondary to: MDS, CMML and
primary myelofibrosis.

BAALC 8 q 22.3 19 - 50% Unfavorable * Worse OS and DFS
* Greater disease resistance to
treatment

MN1 22 q 12.1 50% Unfavorable * Worse OS and risk free survival
* High relapse rates and poor
response to therapy

ERG-1 21 q22.3 25 - 37% Unfavorable * Worse OS and higher relapse
rates
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Genetic
mutation

Chromosome
involved

Frequency in
CN - AML

Prognostic impact

NRAS 1 p13 9.1 - 13% Neutral *May be favorable when other
genetic aberrations
are considered
* May sensitize to cytarabine

CKIT 4 q12 17% Unfavorable * Poor prognosis

MIR - 181q 9q33.3 - ** Favorable outcome

MIR - 191 3p 21.31 - ** Poor prognosis

MIR-199a 19p13.2 - ** Poor prognosis

OS: overall survival

MDS: myelodysplastic syndrome

EFS: event free survival

CMML: chronic myelomonocytic leukemia

DFS: disease free survival

CR: complete remission

RFS: relapse free survival

Table 5. Genetic mutations in AML with normal cytogenetics and their impact on prognosis

Risk category percentage Subsets and examples

Favorable 27% - t(8,21) (q22,q22)
- inv 16 (p13.1,q22) or t(16,16) (p13.1,q22)
- Mutated NPM1 without FLT3 - ITD (CN -
AML)
- Mutated CEBPA (CN-AML)

RUNX1 - RUNX 1T1 (AML-
ETO)
CBFB - MYH 11

Intermediate
I

31% - Mutated NPM1 and FLT3 - ITD
- Wild-type NPM1 and FLT3 - ITD
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Genetic
mutation

Chromosome
involved

Frequency in
CN - AML

Prognostic impact
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RFS: relapse free survival
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After establishing the diagnosis of AML and classifying the disease into the appropriate
subtype, all patients should undergo a thorough evaluation in order to determine their fitness
for the treatment [23,24]. Particular attention should be given to older patients who are likely
to have comorbid medical conditions and decreased performance status which may limit their
chances to have the standard therapies [23,24]. When compared to younger individuals, older
adults with AML are likely to develop more complications related to chemotherapy and thus
have diminished survival rates [23]. The pre-treatment assessment of older patients with AML
includes specific investigations to evaluate their physical function and their comorbid
conditions [23]. Patients with age-related chronic cardiac, pulmonary, renal, and hepatic
disorders in addition to diabetes mellitus suffer greater toxicity of chemotherapy and radio‐
therapy. However, therapeutic decisions should be individualized and tailored according to
the conditions of each patient taking into consideration: the age, performance status, comor‐
bidity index and cytogenetic as well as molecular profiles [23].

4. Complications of AML

AML has numerous complications and these include: (1) anemia [25], (2) infectious complica‐
tions including neutropenic colitis [25-27], (3) bleeding diathesis due to thrombocytopenia and
disseminated intravascular coagulation [25], (4) leukostasis and hyperleukocytosis [25,26,28],
(5) metabolic and electrolytic disturbances that include: lactic acidosis, hyperphosphatemia,
hypokalemia, hyperuricemia, hypercalcemia, hypocalcemia, hyperkalemia, and tumor lysis
syndrome following the administration of chemotherapy [25,26,29,30], (6) venous throm‐
boembolism [25,26], (7) extramedullary involvement including: myeloid sarcomas, central
nervous system (CNS), ocular involvement as well as skin and joint involvement [25,26], (8)
acute pulmonary failure and pericardial effusions [25], and (9) oral complications including
mucositis, mouth ulcerations and gingival hypertrophy [25].

4.1. Infectious complications in patients with AML

Despite the significant advances in supportive care, infectious complications remain a
significant cause of morbidity and mortality in patients with leukemia [31]. The risk factors
for infectious complications in patients with acute leukemia include: (1) impaired cellular and
humoral immunity caused by the underlying disease, (2) the utilization of more intensive
chemotherapeutic regimens in induction and salvage therapies, (3) the incorporation of
monoclonal antibodies, (4) the use of consolidation and maintenance strategies, (5) profound
neutropenia, (6) severe mucositis, (7) the increased use of indwelling vascular catheters, and
(8) the degree of hemorrhagic diathesis of skin and mucosal tissues [31,32]. However, studies
have shown that: (1) the addition of cladrabine to standard induction chemotherapy in patients
with newly diagnosed AML, aimed at increasing the response rate to chemotherapy, has no
impact on the incidence and spectrum of infectious complications, and (2) in AML patients
younger than 65 years, fludarabine-based induction chemotherapy is not associated with an
increase in the incidence of infections, particularly invasive fungal infections (IFIs), compared
to conventional regimens that are commonly used in AML induction treatment [32,33]. The
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early utilization of empirical antimicrobial therapy and the maintenance of proper hygiene are
the most effective strategies to combat infectious complications and to reduce mortality in
hospitalized AML patients, while delayed recognition of infections and late administration of
antimicrobial therapy not only increase morbidity and mortality but also potentially increase
the economic burden associated with infections in patient with leukemia [31,34].

Neutropenic fever is an important cause of mortality and morbidity in patients with AML
receiving intensive chemotherapy [35]. The implementation of empirical antibacterial therapy
in patients with febrile neutropenia has led to a dramatic reduction in infection-associated
mortality in patients with hematological malignancies [31]. Careful selection of antibiotics and
early institution of antifungal treatment in addition to consideration of endemic infections such
as tuberculosis may help in reducing morbidity and mortality during AML treatment [35].
However, the emergence of multidrug-resistant microorganisms is a real concern [31].
Therefore, medical institutions should evaluate antibacterial resistance routinely and regularly
in order to select appropriate empirical antibiotic therapy [35]. Additionally, timely diagnosis
and early initiation of appropriate antimicrobial therapy are crucial in combating infections in
these immunocompromised hosts [31].

Gram-negative bacterial infections are still among the most important causes of mortality
during neutropenia in patients with hematological malignancies, especially when related to
Pseudomonas aeruginosa [36]. Due to its potent anti-pseudomonas activity, ceftazidime repre‐
sents one of the antibiotics of choice for the empirical therapy of bacterial infections in high-
risk febrile neutropenic patients. In these immunocompromised patients, blood concentrations
of the drug 4 - 5 times the minimum inhibitory concentration may be required for maximal
bacterial efficacy with ceftazidime [36].

Fluoroquinolone prophylaxis is frequently used in high-risk neutropenic patients world-wide.
In particular, levofloxacin prophylaxis during neutropenia in high-risk patients was shown to
be effective in preventing infectious complications in a study published in 2005 by GIMEMA
group and was confirmed by a Cochrane systemic review in 2012 [37]. In a retrospective study
performed in Italy that included 81 patients with AML diagnosed and treated between 2001
and 2007, the following results were obtained: Gram-positive bacterial infections predomi‐
nated during the induction phase of chemotherapy, while Gram-negative bacterial infections
predominated during the consolidation phase of chemotherapy, and a high rate of bacterial
resistance to levofloxacin was encountered during the consolidation therapy [37]. Therefore,
constant monitoring for fluoroquinolone resistance among Gram-negative bacterial isolates is
recommended to preserve the efficacy of levofloxacin prophylaxis [37]. In a randomized
prospective study, which included 95 patients with AML, conducted in South Korea between
March and July 1999, it was found that antibiotic prophylaxis did not reduce the incidence of
infections or infection-associated deaths in patients with AML on intensive chemotherapy. The
authors recommended that routine use of antibiotic prophylaxis should be reconsidered taking
into consideration the increased incidence of Gram-positive bacterial infections, and the high
level of resistance to fluoroquinolones and macrolides [38].

In patients with AML receiving cytotoxic chemotherapy, sepsis remains a serious complication
of neutropenia as it is associated with significant morbidity and mortality [34,39]. Risk factors
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for bloodstream infections (BSIs) in patients with AML include: (1) intensive chemotherapeutic
regimens, (2) prolonged neutropenia, (3) neutropenic enterocolitis, (4) lower respiratory tract
infections, (5) uncontrolled hematological malignancy, (6) cellulitis, (7) mucositis, (8) central
venous catheter (CVC) infections, and (9) IFIs [40,41]. The expression of Toll-like receptors has
been found to be an independent risk factor for the development of sepsis in patients with
AML following the administration of intensive induction chemotherapy. Toll-like receptors
play an important role in host defense against microorganisms [39].

In a French multicenter study that included 459 younger patients with AML: 1369 febrile
neutropenic episodes were encountered, no identifiable cause for fever was found in 23% of
patients, and clinically and microbiologically documented infections were identified in 77%
of patients [42]. BSIs were reported in 314 episodes (29% of patients), Gram-positive organisms
were cultured in 129 episodes (12%) and Gram-negative organisms were cultured in 144
episodes (14%). Pulmonary infections were documented in 14% of episodes while IFIs were
documented in 11% of episodes of febrile neutropenia [42]. In another study that included 129
febrile episodes experienced by 42 patients with AML receiving chemotherapy and antibiotic
prophylaxis; non-infectious sources of fever accounted for 17.8% of febrile episodes, Gram-
positive microorganisms accounted for 75.8% of BSIs, while Gram-negative bacteria accounted
for 12.1% of BSIs [41].

Despite the broad use of primary antifungal prophylaxis (PAP), IFIs particularly mold
infections remain an important cause of treatment failure in patients with acute leukemia and
a leading cause of morbidity and mortality in patients with AML, predominantly during the
remission-induction phase of chemotherapy [43-45]. The incidence of IFIs has increased
dramatically over the past few decades [43]. In the USA, the incidence of fungal sepsis has
doubled between 1979 and 2000 due to the following reasons: (1) the extended survival of
patients with acute leukemia, (2) the recent advances in supportive care, (3) the improvement
in controlling bacterial infections, (4) the use of more intensive chemotherapy, (5) the utiliza‐
tion of potent immunosuppressive agents, and (6) the increase in the performance of HSCT
[43]. The risk factors for IFIs in patients with acute leukemia include: (1) the primary disease
such as AML, (2) cytotoxic chemotherapy including high-dose cytarabine and fludarabine, (3)
indwelling devices including CVCs, (4) colonization with Candida species, (5) neutropenia, (6)
old age, (7) use of total body irradiation (TBI) in pre-transplant conditioning therapy, (8) HSCT,
particularly allogeneic grafts and mismatched donors, (9) graft versus host disease (GVHD)
and (10) corticosteroid therapy [43]. Patients with acute leukemia can be stratified into 3 risk
categories for IFIs: low risk, intermediate risk and high risk depending on a variety of factors
that include: (1) host factors: age, fitness and comorbid conditions, (2) factors related to the
primary disease: responsive or refractory to chemotherapy, and (3) other factors including the
use of aggressive cytotoxic chemotherapy and immunosuppressive treatment, organ function
and prior fungal infection or exposure to antifungal therapy [45].

In patients with AML, treatment of IFIs faces the following challenges: (1) the changing
epidemiology of fungal infections, (2) early and correct diagnosis of fungal infections is usually
difficult, and (3) monotherapy with antifungal agents is often unsuccessful [46]. The manage‐
ment of IFIs in patients with acute leukemia is further complicated by the recent increase in
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the frequency of infections by non-Aspergillus molds such as zygomycosis and the emergence
of drug-resistant fungal pathogens [43]. Therefore, despite the recent and rapid expansion in
antifungal armamentarium over the past few decades, the mortality associated with IFIs in
patients with acute leukemia is still high [43]. Early diagnosis of IFIs in neutropenic patients
has the potential to increase antifungal therapeutic response [47]. In patients with AML, the
following chemotherapy-independent factors influence the onset of invasive mold infections:
(1) hospital-independent exposure to infectious agents, (2) comorbidities, and (3) personal
habits [48]. The recognition of these risk factors at the time of hospital admission helps to define
the risk category of the patient and improve targeted prophylactic strategies [48]. The gold
standard diagnostic tests are histopathological demonstration of organisms in tissue speci‐
mens and growth of fungal agents in culture media [47]. Blood cultures are positive in 50% of
patients with invasive Candida or Fusarium infections, but are rarely positive in patients having
invasive aspergillosis. Unfortunately, obtaining specimens for histopathology or culture may
be difficult [47]. The glutacell serum β-glucan detection assay is highly sensitive and specific
as a diagnostic test for IFIs in patients with AML [47]. Advancements in the diagnostic
techniques are the following: (1) non-culture-based serum biomarkers such as β-glucan and
Aspergillus galactomannan, (2) molecular tests such as polymerase chain reaction (PCR) for
fungal DNA, and (3) high resolution radiological imaging such as computed axial tomography
(CAT) scans that have improved the early detection of fungal infections and facilitated prompt
pre-emptive antifungal therapy [43].

In patients with acute leukemia, the following factors influence decisions regarding the
initiation of antifungal therapy and the choice of antifungal treatment: (1) the net state of
immunosuppression, (2) the risk stratification of the primary disease such as AML, (3) the
disease status such as high risk, relapsed or refractory AML, (4) the concomitant comorbidities,
(5) the presence or absence of organ dysfunction, (6) the local fungal epidemiological patterns,
(7) the pharmacological profile of antifungal agents, (8) exposure to pathogenic fungi, (9) drug-
drug interaction, (10) the overall cost, (11) the presence of CVCs, (12) old age, and (13)
neutropenia [43-45]. The following immunocompromised patients are at risk of invasive
aspergillosis: (1) patients with AML during remission induction, (2) recipients of HSCT, and
(3) patients having severe and prolonged immunosuppression [43-45,49]. The risk factors for
invasive candidiasis include: (1) hematological malignancy such as AML, (2) extremes of age:
< 1 month and > 65 years, (3) neutropenia, and (4) recent abdominal surgery [43-45,50]. In
patients with leukemia having documented or presumed IFIs, the following factors influence
the decision making of antifungal therapy: (1) the presence of active leukemia and plans for
HSCT, (2) the type of chemotherapy: induction, consolidation or palliative, (3) certainty of
diagnosis of fungal infection, (4) the type of fungus, (5) the site of infection, (6) prior antifungal
exposure, (7) refractory IFI or previous lines of antifungal therapies, (8) concomitant infection
such as cytomegalovirus or bacteria and their treatments, (9) risk of nephrotoxicity, (10) liver
dysfunction, (11) infected CVCs, (12) ability to take oral medications, (13) interactions between
antifungal agents and other medications, (14) compliance of the patients, (15) outpatient versus
inpatient treatment, and (16) preference of the patient and the ability to cover medication costs
[31,43-46,50].

Leukemias - Updates and New Insights112



the frequency of infections by non-Aspergillus molds such as zygomycosis and the emergence
of drug-resistant fungal pathogens [43]. Therefore, despite the recent and rapid expansion in
antifungal armamentarium over the past few decades, the mortality associated with IFIs in
patients with acute leukemia is still high [43]. Early diagnosis of IFIs in neutropenic patients
has the potential to increase antifungal therapeutic response [47]. In patients with AML, the
following chemotherapy-independent factors influence the onset of invasive mold infections:
(1) hospital-independent exposure to infectious agents, (2) comorbidities, and (3) personal
habits [48]. The recognition of these risk factors at the time of hospital admission helps to define
the risk category of the patient and improve targeted prophylactic strategies [48]. The gold
standard diagnostic tests are histopathological demonstration of organisms in tissue speci‐
mens and growth of fungal agents in culture media [47]. Blood cultures are positive in 50% of
patients with invasive Candida or Fusarium infections, but are rarely positive in patients having
invasive aspergillosis. Unfortunately, obtaining specimens for histopathology or culture may
be difficult [47]. The glutacell serum β-glucan detection assay is highly sensitive and specific
as a diagnostic test for IFIs in patients with AML [47]. Advancements in the diagnostic
techniques are the following: (1) non-culture-based serum biomarkers such as β-glucan and
Aspergillus galactomannan, (2) molecular tests such as polymerase chain reaction (PCR) for
fungal DNA, and (3) high resolution radiological imaging such as computed axial tomography
(CAT) scans that have improved the early detection of fungal infections and facilitated prompt
pre-emptive antifungal therapy [43].

In patients with acute leukemia, the following factors influence decisions regarding the
initiation of antifungal therapy and the choice of antifungal treatment: (1) the net state of
immunosuppression, (2) the risk stratification of the primary disease such as AML, (3) the
disease status such as high risk, relapsed or refractory AML, (4) the concomitant comorbidities,
(5) the presence or absence of organ dysfunction, (6) the local fungal epidemiological patterns,
(7) the pharmacological profile of antifungal agents, (8) exposure to pathogenic fungi, (9) drug-
drug interaction, (10) the overall cost, (11) the presence of CVCs, (12) old age, and (13)
neutropenia [43-45]. The following immunocompromised patients are at risk of invasive
aspergillosis: (1) patients with AML during remission induction, (2) recipients of HSCT, and
(3) patients having severe and prolonged immunosuppression [43-45,49]. The risk factors for
invasive candidiasis include: (1) hematological malignancy such as AML, (2) extremes of age:
< 1 month and > 65 years, (3) neutropenia, and (4) recent abdominal surgery [43-45,50]. In
patients with leukemia having documented or presumed IFIs, the following factors influence
the decision making of antifungal therapy: (1) the presence of active leukemia and plans for
HSCT, (2) the type of chemotherapy: induction, consolidation or palliative, (3) certainty of
diagnosis of fungal infection, (4) the type of fungus, (5) the site of infection, (6) prior antifungal
exposure, (7) refractory IFI or previous lines of antifungal therapies, (8) concomitant infection
such as cytomegalovirus or bacteria and their treatments, (9) risk of nephrotoxicity, (10) liver
dysfunction, (11) infected CVCs, (12) ability to take oral medications, (13) interactions between
antifungal agents and other medications, (14) compliance of the patients, (15) outpatient versus
inpatient treatment, and (16) preference of the patient and the ability to cover medication costs
[31,43-46,50].

Leukemias - Updates and New Insights112

The recent advances in the diagnostic modalities such as Aspergillus galactomannan test, 1,3-
β-D-glucan test and PCR for fungal DNA, and antifungal therapeutics have facilitated an early
diagnosis of IFIs and improved the response to treatment, ultimately resulting in improved
outcome [50,51]. Strategies that improve survival of patients with AML having mold infections
include: the preemptive initiation of antifungal therapy at the first sign of invasive aspergillosis
on CAT scans, and antifungal prophylaxis with posaconazole and other drugs [49,51].

In patients with AML, management of fungal infections, particularly IFIs, requires an indi‐
vidualized treatment plan and a multimodal approach that includes: the use of more effective
antifungal agents such as combination therapies or high-dose treatments, and the use of agents
to enhance the immune response of the host [46]. Strategies that are utilized to enhance the
immunity of cancer patients having opportunistic infections include: donor granulocyte
transfusions, growth factors such as granulocyte-colony stimulating factor (G-CSF), and
interferon-δ [46].

In patients with IFIs, early initiation of antifungal therapy has a profound impact on mortality
rates, but reliable diagnostic tests are lacking [49]. In patients with febrile neutropenia
suspected to have fungal infection, empirical therapy includes caspofungin as the first choice
and liposomal amphotericin-B (ambisome) as the second choice [49]. In AML patients under‐
going induction chemotherapy, 200 mg of prophylactic oral fluconazole twice daily is safe and
well tolerated and results in trends towards reduced incidences of lung infiltrates and
hepatosplenic candidiasis [51]. In the setting of consolidation therapy for AML, fluconazole is
the most cost-effective approach to antifungal prophylaxis compared to posaconazole or
voriconazole [52]. During the induction phase of AML, posaconazole was found to reduce the
incidence of proven or probable breakthrough IFI, particularly aspergillosis, in a real life
setting [53]. Hence, in patients at risk of invasive aspergillosis, posaconazole prophylaxis is
recommended [49]. In patients with AML subjected to remission-induction chemotherapy,
echinocandin-based primary antifungal prophylaxis has been associated with a higher risk of
breakthrough IFIs than patients receiving azoles [44,54]. Isavuconazole is a novel, broad-
spectrum, triazole antifungal agent which has recently been proven to be safe and tolerable at
doses of 200-400 mg daily when used as prophylaxis in immunocompromised patients at high-
risk of fungal infections [55]. In patients with AML receiving induction chemotherapy, a single
high dose of ambisome [15 mg/kg] is safe and feasible when used as antifungal prophylaxis
[56]. The mortality rate of IFIs in neutropenic individuals having Candida infection may reach
50% and those having aspergillosis, fusariosis and trichosporonosis may reach 100% [47].

4.2. Emergencies in AML

The following emergencies can be encountered in patients with AML: (1) tumor-lysis syn‐
drome that occurs mainly in patients presenting with high white blood cell (WBC) count and
high tumor load. It manifests with hyperkalemia, hyperuricemia, hypocalcemia, and hyper‐
phosphatemia. It requires urgent treatment with aggressive hydration, correction of electro‐
lytic abnormalities and reduction of elevated uric acid levels [26,29,30]. (2) Hyperleukocytosis
and leukostasis which can predispose to thromboembolic manifestations, paradoxical bleed‐
ing as well as respiratory distress. Management can be in the form of leukapheresis if the WBC
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is more than 50,000 in symptomatic patients or more than 100,000 in asymptomatic patients as
well as early initiation of chemotherapy [26,28]. (3) Neutropenic complications that include:
febrile neutropenia; bacteremia, fungemia and septic shock; IFIs; and enterocolitis which
manifests as fever, abdominal pain and thick bowel wall. Neutropenic colitis can be treated
by: bowel rest, intravenous fluids, total parenteral nutrition in addition to intravenous
antimicrobials with appropriate anaerobic cover [26,28]. (4) Transfusion-related acute GVHD
which is a rare complication, but mortality rate may exceed 95%. It occurs 1-4 weeks after blood
transfusion and manifests with fever, skin rash, diarrhea and hepatitis or elevated bilirubin
and liver enzymes. This rare complication can be managed with corticosteroids and other
immunosuppressive therapies but can be prevented by irradiation, leukodepletion and
leukofiltration of blood products [26]. (5) Leukemic meningitis, which requires specific
interventions including intrathecal chemotherapy [26]. (6) Cytarabine-induced cerebellar
toxicity that requires replacement of cytarabine by another cytotoxic agent. (7) Finally, life-
threatening hemorrhagic tendency [26].

4.3. AML in old age

The management of older patients with AML is a real therapeutic challenge because of the
following reasons: (1) these patients are more likely to have comorbid medical conditions that
limit their treatment options, (2) their clinical condition and their performance status may not
allow the application of intensive chemotherapeutic regimens, (3) their disease is more likely
to be resistant to chemotherapy, and (4) they have more frequent unfavorable AML subtypes
[10]. Once AML is diagnosed in older subjects, physicians should make a therapeutic plan and
try to adhere to it as much as possible, although therapeutic modifications may become
justified under certain circumstances [11]. The same therapeutic principles that apply in
younger adults can be followed provided the clinical circumstances of the patients allow the
delivery of intensive induction chemotherapy [11]. The molecular features that characterize
the risk of AML in middle-aged adults also apply to older patients with AML although the
incidence of unfavorable genotype is significantly higher in older patients [11]. Numerous new
drugs including targeted therapies and monoclonal antibodies are emerging from the devel‐
opment pipeline. Some of these drugs may be more tolerable and more efficacious in elderly
patients than the standard induction regimens [11]. Otherwise healthy older patients with
AML having good performance status can be subjected to standard induction chemothera‐
peutic regimens that include anthracyclines and cytarabine [10]. For older patients with:
indolent AML, high comorbidity index, poor performance state and unfavorable risk disease,
it is justifiable to offer them supportive care alone and/or less intensive chemotherapy rather
than the standard induction chemotherapy which is associated with high treatment-related
mortality (TRM) [10]. These patients can be offered: (1) transfusion of blood components, (2)
various antimicrobials to treat their infectious complications, and (3) less intensive therapies
such as: hydroxyurea, decitabine and low-dose cytarabine [10]. Although growth factors, such
as G-CSF, may be beneficial in patients having neutropenia and sepsis, randomized trials have
found no benefit to the routine use of G-CSF during remission induction in older patients with
AML [10]. Older patients with AML should be encouraged to participate in well-designed
clinical trials in order to draw conclusions on the safety and efficacy of the agents used in this
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age group [10,11]. Also, older patients with AML achieving complete remission (CR) of their
disease, but are not eligible for standard myeloablative HSCT, should be offered either a
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maintenance therapy [10,11].
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therapy with 7+3 regimen, (2) hypomethylating agents such as azacitidine and decitabine, (3)
nucleoside analogs such as clofarabine and sapacitabine, (4) immunomodulatory agents such
as lenalidomide, (5) farnesyl transferase inhibitors such as tipifarnib, (6) monoclonal antibodies
such as gemtuzumab ozogamicin (GO, myelotarg), (7) low-dose cytarabine, and (8) the best
supportive care with blood product transfusions, antimicrobials as needed and oral cytotoxic
drugs such as hydroxyurea [10,11,57,58].

In general, the median age for AML is in the 6th decade of life, but in certain countries like
Sweden, most patients with AML are on the old side and the median age for AML is 71 years
[59]. However, survival in patients with AML decreases with age, most patients with AML
who are younger than 75 - 80 years, in certain geographic locations, tolerate and benefit from
induction chemotherapy [59]. As AML induction chemotherapy is cost-effective in elderly
individuals, all AML patients younger than 80 years without specific contraindications should
be considered candidates for remission induction [60].

In AML patients older than 60 years of age, doubling the dose of daunorubicin in the induction
phase of chemotherapy has been associated with a more rapid response and a higher response
rate than the conventional dose without having significant adverse toxic effects [61]. Addi‐
tionally, decitabine is well tolerated in older patients with AML who are medically unfit to
have intensive chemotherapy, but myelosuppression related to the use of decitabine is the
major toxicity encountered [62]. Interestingly, the response rate to decitabine and the overall
survival (OS) are not adversely influenced by poor risk cytogenetics and preceding MDS [62].

In a study in patients with AML older than 60 years of age, the addition of bortezomib at
doses  of  1.3  mg/m2  to  the  standard  induction  therapy,  7+3  regimen,  and  consolidation
therapy with intermediate dose cytarabine has been shown to be associated with encourag‐
ing  remission  rates.  Additionally,  that  study  showed  effectiveness  and  tolerability  of
bortezomib [63]. Also, in older AML patients, who are medically fit, the farnesyl transfer‐
ase inhibitor tipifarnib, can be safely administered at a dose of 600 mg twice daily for 10
days in combination with the standard 7+3 induction regimen with severe gastrointesti‐
nal toxicity as the chief limiting factor [64].

Clofarabine, a nucleoside analog, may be an appropriate alternative to intensive induction
regimens in certain subsets of older patients with newly diagnosed AML, particularly those
with decreased performance status and history of cardiovascular disease [65]. Clofarabine has
been shown to be an active drug in the treatment of older patients with AML as a single agent
or in combination with other drugs [66]. It produces similar responses and potentially
decreased mortality when compared to the traditional 7+3 induction chemotherapy [66].
Clofarabine use in combination with DNA methyltransferase inhibitors such as decitabine is
a promising approach in older patients with AML who are not eligible for intensive chemo‐
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therapy [66]. The use of clofarabine therapy in the induction treatment of older AML patients,
who are not suitable for intensive chemotherapy, has produced superior CR rates compared
to low-dose cytarabine, but survival may be either similar to or even superior to low-dose
cytarabine [67,68]. Sapacitabine, a novel oral nucleoside analog, has shown promising clinical
efficacy and favorable toxicity once used in treating AML in older subjects [69].

GO is an anti-CD33 monoclonal antibody which has been shown to be effective in the treatment
of older patients with CD33 positive AML in first relapse and it has acceptable toxicity.
Unfortunately, the duration of remission is relatively short [57]. Also, in patients with CD33
positive in relapsed or refractory setting, the combination of: GO, intermediate-dose cytarabine
and mitoxantrone has been shown to be an effective salvage regimen with 2-year rates of
overall survival, event-free survival (EFS) and disease-free survival (DFS) of 41%, 33% and
53% respectively [70]. Once GO is used in combination with induction therapies in older AML
patients, it reduces the risk of relapse and improves survival with slight increase in toxicity as
revealed by a meta-analysis that included 2228 patients in the United Kingdom [71]. A
randomized phase II study has shown that the addition of GO to the 7+3 induction regimen
did not show significant superiority over the standard 7+3 regimen. In fact, death during the
induction phase of chemotherapy was higher in the GO group due to venoocclusive disease
(VOD) [72]. However, the addition of GO to: fludarabine, cytarabine and idarubicin induction
therapy in CD33-positive AML in patients younger than 65 years has shown higher CR rates
and lower mortality rates during the induction phase of chemotherapy [73].

5. Philadelphia chromosome positive AML

Studies have shown that the incidence of Philadelphia chromosome positivity in de novo AML
is extremely rare and that Philadelphia chromosome positive AML accounts for only 0.3-3.0%
of all newly diagnosed cases of de novo AML [74-77]. However, Philadelphia chromosome
positive AML has to be distinguished from: CML in blast cell crisis, mixed phenotype leukemia
and secondary AML with positive Philadelphia chromosome [75,76,78].

The following features have been reported in Philadelphia chromosome positive de novo
AML: (1) lack of splenomegaly, (2) lack of history of abnormal hemogram, (3) lack of history
of chronic phase CML, (4) lack of significant peripheral blood basophilia, (5) frequent expres‐
sion of lymphoid markers, (6) lower cellularity and lower myeloid/erythroid ratio on BM
examination, (7) presence of monosomy 7, inversion 16 and chromosome 10 deletion, (8)
predominance of p210 rather than p190 fusion protein, and (9) return to normal karyotype
after induction chemotherapy [75-78]. On the contrary, CML in myeloid blast cell crisis
presents in patients with history of an abnormal hemogram and chronic phase CML in addition
to splenomegaly on physical examination. Also, trisomy 8, trisomy 19 and iso-chromosome
17q as well as return to chronic phase CML after induction therapy are in favor of CML in
myeloid blast cell crisis [75-79].

The available therapeutic interventions in patients with Philadelphia chromosome positive
AML include: induction chemotherapy using various chemotherapeutic regimens, tyrosine
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kinase inhibitors (TKIs) such as imatinib and dasatinib as well as allogeneic HSCT with its
graft versus leukemia (GVL) effect which constitute the only potentially curative therapeutic
modality [74,75,80]. Prognosis of Philadelphia chromosome-positive AML is usually poor as
the disease is aggressive, relapse rates are high and durations of responses are rather short.
Additionally, responses to anthracyclines and cytarabine are poor and the median survival is
limited to 6-9 months [74,75,77,80]. However, complete molecular responses have been
reported after conventional chemotherapy and imatinib and tetraploidy have been reported
in a patient with Philadelphia chromosome-positive AML [74,81]. As the disease is insuffi‐
ciently studied, further epidemiological studies and large-scale registries may contribute not
only to a better understanding of the disease but also to more efficacious therapeutic inter‐
ventions [75,76,80].

5.1. Therapy-related AML

Therapy-related myeloid neoplasms (t-MNs) account for approximately 10-20% of all cases of:
AML, MDS, MSD/MPNs [82]. The incidence of t-MNs among patients treated with cytotoxic
chemotherapy varies according to the underlying disease, specific agents used, timing of
exposure and doses of chemotherapeutic agents used [82,83]. The median age for t-MNs is 61
years, although they can develop at any age [82]. The risk of t-MNs associated with the use of
alkylating agents and radiation appears to increase with age, while the risk of t-MNs associated
with the use of topoisomerase II inhibitors appears to be constant across all ages [82]. The
latency period between the first exposure to cytotoxic therapy and the development of t-MNS
ranges from 1 to 10 years [82,83]. Patients usually present with complications of pancytopenia
and they should have thorough clinical and laboratory evaluation [82,83]. However, thera‐
peutic recommendations depend on: (1) age of the patient, (2) comorbidities, (3) performance
status, (4) status of the primary disease, (5) presence of complications from the primary disease,
and (6) clonal abnormalities present in t-AML cells [83].

t-AML is an important disease entity to be studied for several reasons: (1) it represents the
most serious complication of current cancer treatment, (2) it is directly induced by chemo‐
therapeutic agents and irradiation, (3) t-AMLs presenting with the same chromosomal
abnormalities and genetic mutations that are present in de novo AML are particularly suited
for studies on leukemogenesis and leukemia biology, (4) t-AML may be preceded by a transient
phase of t-MDS and cytopenias and this stage is suited for further studies and comparison
with de novo MDS transforming into AML, (5) there is still no consensus on the therapeutic
management of t-AML, and (6) t-AML stimulates scientists to study the safety of various
therapeutic modalities that are used in the treatment of various cancers in order to replace
these treatments by safer ones in the future [83].

t-AML can occur at any age and it represents 5-14% of all newly diagnosed cases of AML [83].
The primary disease in t-AML can be: (1) a hematological malignancy such as acute lympho‐
blastic leukemia (ALL), chronic lymphocytic leukemia, Hodgkin's disease, non-Hodgkin
lymphoma, multiple myeloma or acute promyelocytic leukemia, (2) a solid tumor such as small
cell lung cancer, germ cell tumor and cancers of ovaries, breast, testis or prostate, and (3) an
autoimmune disease such as rheumatoid arthritis, systemic lupus erythromatosis, multiple
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sclerosis, ulcerative colitis and Wegener's granulomatosis [83,84]. The use of the following
drugs and chemotherapeutic agents is associated with the development of t-AML: (1) alky‐
lating agents such as: busulfan, melphalan, chlorambucil, cyclophosphamide, procarbazine as
well as mitomycin-C, (2) topoisomerase II inhibitors such as: etoposide, mitoxantrone,
doxorubicin and dactinomycin, (3) antimetabolites such as methotrexate, 6-mercaptopurine in
addition to fludarabine, (4) antimicrotubules such as vincristine and paclitaxel, (5) growth
factors such as G-CSF, and (6) immunomodulators such as azathioprine [82-92].

Studies have shown that the use of alkylating agents is associated with the development of t-
MDS and unbalanced chromosomal aberrations such as: 5q-, -5, 7q-, -7, 17p13 (TP53) and
unarranged mixed lineage leukemia (MLL) gene mutation, while the use of topoisomerase II
inhibitors is associated with the evolution of balanced chromosomal aberrations such as: 11q23,
21q22, 16q22, rearranged MLL, AML1, CBFB and retinoic acid receptor-alpha (RARA) [89]. A
study that included 761 patients analyzed between 1976 and 1993 and 5098 patients reported
in literature between 1974 and 2001 revealed that: exposure to radiation was associated with
the development of t-MDS and 5q- chromosomal abnormality, exposure to alkylating agents
was associated with the evolution of t-MDS and t-AML with monosomy 7, while exposure to
topoisomerase II inhibitors was associated with the development of t-AML and t11q23 [86].
The cytogenetic abnormalities and the genetic mutations that have been reported in patients
with t-AML are included in Table 7 [83,86,88,89]. The genetic mutations that are involved in
t-AML can be classified into: (1) class I mutations that can be sub-classified into: (a) tyrosine
kinases such as FMS-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) point
mutations, c-Kit point mutations and cFMS and Janus Kinase 2 (JAK-2) point mutations, and
(b) genes in the RAS/BRAF pathway such as: KRAS or NRAS point mutations and BRAF and
PTPN11 point mutations, and (2) class II mutations that can be divided further into: (a)
transcription factors that include: AML1/CBFB chimerically rearranged, AML1 point muta‐
tions, MLL chimerically rearranged, MLL-ITD, chimerically rearranged RARA and EV11 in
addition to CEBPA and nucleophosmin-1 (NPM1) point mutations, and (b) tumor suppressor
genes such as P53 point mutations [87].

Clinical data obtained from 4 major cohorts on t-AML that included a total of 395 patient
revealed the following: the mean age for the development of t-AML was 53.5 - 58 years, the
median latency period to develop t-AML was 48 - 55 months, the mean WBC count at
presentation was 6.7 - 27.4 x109/L, CR rates ranged between 23.8 and 63.0% and the median
OS was 7 - 12 months [83].

The diagnosis of t-AML identifies a group of high-risk patients with multiple and varied poor
prognostic features [84,90]. The spectrum of cytogenetic abnormalities in t-AML is similar to
de novo AML, but the frequency of unfavorable cytogenetics such as complex karyotype or
deletion or loss of chromosomes 5 and 7 is higher in t-AML. In t-AML survival varies according
to cytogenetic risk group with better outcomes observed in patients with favorable-risk
karyotype [84,90].

Abnormal response to DNA damage is a common finding in t-AML. TP53 aberrations are one
of the most common mutations in t-AML and are usually associated with complex karyotypes.
AML having complex karyotype accounts for 70% of cases of AML and has a high degree of
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genomic complexity and is associated with interior OS [93]. The most common chromosomal
translocation associated with topoisomerase-II inhibitor-induced t-AML is t(9,11) (p22, q23).
MLL gene located on chromosome 11 at band q23 is the gene most commonly involved in
secondary acute leukemias (ALL and AML) related to the use of topoisomerase II inhibitors
[92]. t-AML having t(8,21) shares many features, including morphologic and immunopheno‐
typic features as well as the characteristic AML-ETO (RUNX1-RUNX1T1) fusion, with de novo
AML having t(8,21) (q22,q22), but affected individuals have a relatively worse outcome [94].
The poor prognosis and the rather aggressive behavior of t(8,21) t-AML may be explained by:
(1) the older age of patients, and (2) the presence of active primary cancer at the time of
diagnosis of t-AML with t(8,21) [94]. In t-AML, cytogenetic profile is an important prognostic
parameter, while the age of patient and the WBC count at presentation have no impact on OS
[89]. In general, survival and prognosis of t-AML is often poor despite prompt diagnosis and
early institution of therapy [83]. CR rates of t-AML range between 24 and 63% and are interior
to those of de novo AML (65-80%) [83]. However, within certain cytogenetically defined
subgroups, the prognosis of t-AML does not differ significantly from their de novo AML
counterparts [83,84,90]. Standard chemotherapy and allogeneic HSCT as well as experimental
therapies are used in the treatment of t-AML [83,84,90]. Several studies have shown that

Cytogenetic
abnormalities

(%) Mutational abnormalities (%)

t (8,21) 6.4% TP53 18-25% TET 2 9%

t (15,17) 5.4% WT1 17% IDH1/IDH2 3-12%

inv (16) , t (16,16) 14% NPM1 12-16% EV 11 0.2-1.0%

11 q 23 12.9% KRAS - RUN X-1 2.9%

t (9,11) - NRAS 11-12% AML 1

inv(3), t (3,3) -
BRAF 6%

17 p deletion -

t (11,19) - FLT3-ITD 7-12% PML-RARA 2.3%

- 7, 7q- -

- 5, 5q- - FLT3-TKD 2-2.5% C-KIT 1-4%

- 17 - CEBPA 0-6% C-FMS -

- 21 - DNMT3A 16% JAK 2 Rare

- 18 - MLLT3-MLL 4-12% CBF β- NYH 11 1.8%

t (1,3) -

Normal cytogenetics 14%
MLL-PTD 2-4% PTPN 11 4%

Complex cytogenetics 26.39%

Table 7. Cytogenetic and mutational abnormalities encountered in therapy-related AML
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therapeutic outcomes of t-AML patients after induction phase of treatment are not different
from those of de novo AML [83]. In patients older than 60 years of age having t-AML,
significantly greater relapse rates, mainly due to lower doses of chemotherapeutic agents used
compared to those given to younger patients, have been encountered [83]. However, intensive
induction chemotherapy should not be withheld in patients with t-AML provided they are fit
to receive it [83,84,90]. Novel HSCT strategies using RIC regimens as well as targeted therapies
await clinical evaluation in patients with t-AML and these may prove to have a positive impact
on the prognosis of affected individuals [83]. Studies have shown that allogeneic HSCT can
cure some patients with t-AML. Finally, patients with t-AML should be enrolled in front-line
chemotherapeutic trials that are appropriate for patients with de novo AML with similar
disease characteristics [84,90].

6. Prognosis in AML

The response to treatment and the OS of AML patients are very variable [7,8,83]. A number of
prognostic factors related to the patient and the tumor characteristics have been described and
they include age, performance status, comorbid medical conditions, cytogenetic profile,
molecular or genetic profile, history of MDS or chronic MPNs, and history of receiving
cytotoxic chemotherapy or ionizing radiation. Amongst these prognostic factors, the following
have a direct effect on treatment outcome: age at diagnosis, performance status and karyotype
[7,8,83,84].

The clinical role of gene mutational analysis, gene expression profiling, and micro-RNA
profiling remains uncertain at this time, although a number of mutations and changes in the
levels of certain proteins have been shown to have prognostic impact and will likely become
part of the routine characterization of AML in the near future [7,8,83,84].

6.1. Induction therapy for AML

Once the diagnosis of AML is established, induction chemotherapy will be commenced in
order to rapidly restore normal BM function [9]. The goal of the initial intensive course of
combination chemotherapy is to obtain a CR [9,95]. Induction chemotherapy aims to reduce
the total body leukemia cell population from 1012 to below the cytologically detectable level of
approximately 109 cells [9,95]. A series of pre-1985 studies performed by the Cancer and
Leukemia Group-B [CALG-B] established 7+3 regimen, which is composed of cytarabine and
daunorubicin, as the standard of care in induction therapy of AML [96]. However, various
induction regimens of chemotherapy are available for younger and older AML patients
[9,96-100]. In younger patients with AML, the following induction chemotherapeutic regimens
are used: (1) the classical or standard 7+3 regimen, which produces remission rate of 60-80%,
comprises continuous intravenous (IV) infusion of 100-200 mg/m2 of cytarabine for 7 days and
60-90 mg/m2 IV push of daunorubicin daily for 3 days, (2) high-dose cytarabine (HiDAC) +
daunorubicin regimen, which produces remission rate of 90%, comprises 1-3 g/m2 of cytarabine
IV infusion over 3 hours twice daily for 6 days, and (3) cytarabine + idarubicin regimen, which
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produces remission rate of 88%, is composed of 100-200 mg/m2 of cytarabine daily by contin‐
uous IV infusion for 7 days and 12-13 mg/m2 IV push of idarubicin daily for 3 days [9,96,97].

Throughout the years, many studies have been performed with the intent to improve on the
outcome of 7+3 induction regimen for AML and the following are examples of these attempts:
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trone, (3) escalation of daunorubicin dose, (4) addition of etoposide to the 7+3 regimen, (5)
addition of thioguanine to the 7+3 regimen, (6) replacement of daunorubicin by amsacrine and
gemtuzumab ozogamicin, (7) the use of HiDAC alone or in combination with fludarabine and/
or G-CSF as induction therapy, and (8) incorporation of new agents such as cladarabine,
clofarabine, lomustine, AC-220 and sorafenib [96,97,100].

Age is an important factor for the treatment outcomes demonstrated in numerous studies
[7,9-11,23,24,58-69,71,73]. In patients with AML, younger than 46 years of age, HiDAC (3
g/m2 IV twice daily for 4 days) in addition to daunorubicin and etoposide produces higher
remission and survival rates compared to a standard dose cytarabine [100]. In AML patients
who are ≥ 50 years of age, idarubicin has produced superior long-term outcome compared to
high-dose daunorubicin in a French study that included 727 patients with AML [98]. In older
patients with AML, the following factors can predict a better long-term outcome: favorable-
risk AML, idarubicin treatment rather than daunorubicin, and belonging to a younger age as
studies have shown that the younger the age of the patient the better the response to chemo‐
therapy [98]. In patients with AML who are ineligible for intensive chemotherapy, volasertib
(adenosine triphosphate competitive kinase inhibitor) and low-dose cytarabine produce
responses across all AML genetic subgroups, improve survival and have clinically manageable
safety profile [101]. In AML patients who are ≥ 60 years of age, the following induction
therapies have been used: (1) single dose daunorubicin; 45 or 90 mg / m2 IV or liposomal
daunorubicin, (2) hypomethylating agents such as azacytidine or decitabine, (3) immunomo‐
dulatory agents such as lenalidomide, (4) clofarabine, and (5) other agents such as: plerixafor,
flavoperidol, Diphtheria toxin linked to interleukin-3 (IL-3) and all trans-retinoic acid (ATRA)
[99]. Recent studies have shown that doubling the dose of daunorubicin (90 mg/m2 instead of
45mg/m2) produces significantly higher CR rates in selected groups of AML patients, regard‐
less of the age. Patients with favorable- or intermediate-risk cytogenetics have achieved better
responses than patients with unfavorable karyotype or high-risk disease [96]. The following
circumstances require unique therapeutic implications: Philadelphia chromosome positive
AML, mixed-phenotype leukemia, AML with extramedullary involvement, t-AML, and AML
in pregnancy [9].

Seven to ten days after completion of induction chemotherapy, response to chemotherapy is
usually evaluated by a BM aspiration and trephine biopsy [9]. After achieving CR1 of AML,
PRT starts with either consolidation chemotherapy or HSCT in transplant-eligible patients [9].
Based on a landmark CALG-B study, the standard consolidation therapy for AML in CR1 is 4
cycles of HiDAC (3 g/m2 IV Q 12 hourly on days 1,3 and 5) [97]. Improving the quality of
remission may reduce the risk of relapse in patients with AML [97]. Several emerging prog‐
nostic factors may enable a more personalized approach to post-induction therapy that takes
into consideration the category of patients who should be offered allogeneic HSCT in CR1 [97].
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6.2. Response to treatment in AML

Definition of CR in AML according to the criteria developed by the International Working
Group includes: (1) Normal values for absolute neutrophil count >1000 × 109/L and platelet
count >100 × 109/L in addition to independence from red blood cell transfusions. (2) BM biopsy
that reveals no clusters or collections of blasts. Also, extramedullary leukemia such as CNS
and soft tissue involvement must be absent. (3) BM aspiration reveals normal maturation of
all cellular components; namely erythrocytic, granulocytic and megakaryotic series. However,
there is no requirement for BM cellularity. (4) Less than 5% blasts in the BM and none can have
a leukemia phenotype such as Auer rods. (5) The absence of a previously detected clonal
cytogenetic abnormality, that is, complete cytogenetic remission (CRc) which confirms the
morphologic diagnosis of CR but is not a criterion for CR in AML. The conversion from an
abnormal karyotype at the time of first CR is an important prognostic indicator, supporting
the use of CRc as a criterion for CR in AML [95,102].

A substantial burden of leukemia cells persist undetected referred to as minimal residual
disease (MRD) leading to relapse within weeks to months if no further PRT is administered
[95]. Response criteria in AML patients can be categorized as follows: (1) CR, (2) CR with
incomplete recovery, (3) morphologic leukemia-free status, (4) partial remission, (5) cytoge‐
netic remission, and (6) molecular remission. Treatment failure in AML can be classified as
follows: (1) resistant or refractory disease, (2) disease relapse, (3) death in aplasia, and (4) death
from an indeterminate cause [8]. The following methods are used in detecting MRD: (1) multi-
parameter flow cytometry (MFC), (2) quantitative, real time, polymerase chain reaction (Q-
RT-PCR), and (3) gene expression analysis [95,102-104]. The evaluation of MRD in AML has
the following advantages: (1) high-resolution determination of response to treatment, (2)
allowing target-driven titration of dose as well as duration of therapy, (3) stratification of the
risk of relapse after induction to allow triage of the optimal consolidation therapy, (4) deter‐
mination of prognosis after completion of standard treatment, (5) sparing toxicity and cost of
HSCT in patients with low risk of relapse, and (6) assignment to maintenance treatment after
completion of standard therapy [102]. In patients with AML, assessment of MRD by flow
cytometry after induction and consolidation chemotherapy has been shown to provide
independent prognostic information. Early flow cytometry MRD assessment can improve the
current risk stratification approaches by the prediction of relapse-free survival (RFS) in AML
and may facilitate the adaptation of PRT for patients at high-risk of relapse [103]. MRD by flow
cytometry offers high sensitivity [up to 10-4] and is applicable in more than 90% of all AML
cases. The individual choice of PRT requires a comprehensive knowledge of the risk profiles
of patients in order to avoid overtreatment or undertreatment. MRD levels constitute a
prognostic factor that combines disease-specific as well as patient-specific characteristics thus
reflecting sensitivity to chemotherapy [103]. Also, MRD before myeloablative HSCT is
associated with an adverse outcome in AML in CR1. The negative impact of pre-transplant
MRD is similar for AML in CR1 and CR2 as even minute levels (≤ 0.1%) are associated with
adverse outcome [105].
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Early blast clearance in AML is an essential indicator of response to chemotherapy [106]. Day
16 blasts represent a highly independent and sensitive prognostic factor and may be used for
stratification of therapy early enough before the second course of chemotherapy, that is,
salvage chemotherapy, re-induction or double induction. Day 16 blasts allow refinement but
not replacement of the most important system for a prognostically based classification of
patients with AML which is grouping according to karyotypic abnormalities [106]. Monitoring
of early reduction of the leukemia cell burden may be further improved by techniques that are
more sensitive and more reproducible than cytomorphology such as immunophenotyping
using MFC. The prognostic significance of day 16 blasts is independent of pre-therapeutic
parameters and predicts outcome even in patients achieving a CR [106]. Response rates and
subsequent therapeutic recommendations for AML patients classified according to their
prognostic groups are shown in Table 8 [22].

Prognostic
Group

CR rate Relapse rate Response and
non-relapse
mortality

Induction Post-remission HSCT
comorbidity
index

Favorable > 80-90% 35-40% * Rapid CR
* No MRD
< 10-15%

- 3+7 regimen
- Consider: FLAG +
Idarubicin if
age < 60-65 years

- Ara -C at 1.0-1.5g/m2

daily for 6 doses, total
of 2 cycles
- Possibly preceded by
1 course of:
FLAG + idarubicin

< 1%

Intermediate
I

50-80% 50-60% - Rapid CR
- No MRD
< 20-25%

- 3+7 regimen
- Consider:
FLAG + Idarubicin
if age
< 60-60 years or
clinical trial

- HSCT from MSD if
risk of NRM < 20-25%
- If not candidate for
HSCT: FLAG + Ida
then Ara-C (as above)
or clinical trial

≥ 2%

Intermediate
II

40-80% 70-80% - slow CR
- CRp-CRi
- MRD
< 40%

- 3+7 regimen
- Consider: FLAG +
Idarubicin if age
< 60-65 years
- Clinical trial
combining
chemotherapy and
FLT3 inhibitors

- HSCT from MSD or
MUD if risk of NRM <
30%, otherwise as
intermediate I.
- If FLT3 positive,
consider FLT3
inhibitors post HSCT.

≥ 3-4%

Unfavorable < 50% > 90% - Slow CR
- CRp-CRi
- MRD
< 40%

Clinical trial - HSCT from MSD or
MUD if risk of NRM <
40%

≥ 5%

Update on Non-M3 Acute Myeloid Leukemia — Etiology, Classification, Risk Stratification, Emergencies...
http://dx.doi.org/10.5772/61827

123



Prognostic
Group

CR rate Relapse rate Response and
non-relapse
mortality

Induction Post-remission HSCT
comorbidity
index

- Consider post-HSCT
trial
- If not candidate for
HSCT, consider
clinical trial

Ara-C: cytarabine

MSD: matched sibling donors

HSCT: hematopoietic stem cell transplantation

CR: complete remission

MUD: matched unrelated donor

FLAG: fludarabine, cytarabine, growth factors

MRD: minimal residual disease

NRM: non-relapse mortality

AML: acute myeloid leukemia

Table 8. Response rates and therapy recommendations for AML classified according to prognostic group

6.3. Drug resistance in AML

For  the  management  of  AML,  the  following  general  options  are  available:  (1)  standard
chemotherapy, (2) investigational therapy, and (3) best supportive care without intensive
chemotherapy [107].  Initial treatment for remission induction is still  based on cytarabine
and anthracyclines (7+3 regimen) which were introduced into the treatment of AML more
than 40 years ago [108]. Given the natural history of AML and the uncertainty about the
outcome of investigational therapy, 7+3 regimen is still the preferable standard treatment
for  most  of  the  patients.  The principal  predictor  of  response to  standard therapy is  the
duration of first CR [107].

Therapeutic  resistance,  defined  as  either  failure  to  achieve  initial  CR  or  relapse  after
achievement of CR, remains the main problem in adult AML. It is widely appreciated that
the likelihood of  resistance to chemotherapy differs  significantly from one individual  to
another [109]. Resistance to chemotherapy, not TRM, is the chief cause of treatment failure
in AML. Drug resistance occurs in 71% of AML patients younger than 56 years,  61% of
patients between 66 and 75 years of age and 54% of AML patients older than 75 years [107].
In an analysis that included 4601 AML patients, the following factors were independently
associated with failure to achieve remission: (1) age of the patient, (2) performance status,
(3)  the  WBC  count  at  presentation,  (4)  secondary  disease,  (5)  cytogenetic  risk,  and  (6)
presence of certain genetic mutations such as FLT3-ITD. Another study revealed that the
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presence of multidrug-resistant (MDR) phenotype such as MDR-gene-1 (mdr-1) is associat‐
ed with drug resistance in AML [109,110].

The ability to accurately forecast drug resistance could have a tremendous impact on the
management of AML and evaluation of new drugs [109]. Unfortunately, our ability to predict
chemotherapeutic resistance on the basis of the routinely available clinical covariates, even
with the inclusion of commonly used molecular data such as FLT3 and NPM1 is relatively
limited [109]. In case of failure to respond to 7+3 regimen, alternative salvage therapies include:
(1) fludarabine, cytarabine and G-CSF (FLAG) regimen, (2) mitoxantrone and etoposide, or (3)
investigational agents [107]. In general, management of drug resistance in AML can be
summarized as follows: (1) in case of lower drug resistance and lower TRM, current therapy
should be intensified, (2) in case of higher drug resistance and lower TRM, new high-intensity
therapy needs to be added, (3) in case of lower drug resistance and higher TRM, new low-
intensity therapy, such as ATRA or azacytidine needs to be added, and (4) in case of higher
drug resistance and higher TRM, new low intensity therapy should be used [107]. Chemomo‐
dulation of sequential HiDAC and idarubicin by fludarabine improves the anti-leukemic
efficacy but only at a modest rate [108]. Given the efficacy of chemomodulation of cytarabine,
even in a relapsed setting, incorporation of fludarabine into first-line therapy of AML seems
warranted and may help to improve the outcome of AML patients [108]. The addition of
cladrabine to daunorubicin and cytarabine induction regimen increases the anti-leukemic
effect or potency of 7+3 regimen resulting in higher CR rates without causing additional
toxicity [111]. The combination of azacytidine and lenalidomide improves the outcome of
patients with high-risk MDS or AML. This regimen is well tolerated and is not associated with
major toxicities apart from neutropenia and thrombocytopenia [112].

Valspodar (PSC833) can not only reverse MDR in patients with hematologic malignancies but
alters the pharmacokinetics of concomitant anticancer agents [110]. A phase I study has shown
that valspodar and MEC (mitoxantrone, etoposide and cytarabine) combination is safe and
effective when administered early in relapsed or refractory AML [110].

A previous phase II study from the Borden laboratory had shown that ribavirin produced
initial responses, including remissions in patients who had relapsed after cytarabine treatment,
but all patients eventually developed drug resistance and relapsed [113]. A new study from
the same group has shown that resistance to cytarabine and ribavirin is due to the sonic
hedgehog pathway transcription factor glioma-associated oncogene [113]. However, the best
modality to overcome drug resistance in AML patients is allogeneic HSCT, but unfortunately
this therapy of choice can only be performed in a minority of patients [108].

7. PRT in AML

The preferred type of PRT in patients with AML in CR1 is a subject of continued debate,
especially in patients at high risk of non-relapse mortality (NRM) including patients above 40
years of age [114]. PRT is applied for the prevention of relapse and may include the following
therapeutic options: (1) consolidation chemotherapy with HiDAC, (2) autologous HSCT, and
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(3) allogeneic HSCT [12,114,115]. HiDAC at 2-3 g/m2 IV-twice daily on days 1, 3 and 5 remains
the standard of care for intensive PRT in AML [12,96,97,115]. Identification of the best
therapeutic option for each patient regarding the best PRT, allogeneic HSCT versus intensive
chemotherapy, should weigh the risk of relapse against the risk of NRM [12]. MRD assessment
should be performed at regular intervals or once needed in patients receiving PRT in order to
adjust therapeutic options before overt relapse [12,102,115,116].

In individuals at high risk of relapse and after completion of consolidation chemotherapy,
maintenance therapy that includes the following agents can be administered: (1) azacytidine
and decitabine, (2) lenalidomide, (3) dasatinib and imatinib, (4) bortezomib, (5) panobinostat,
(6) midostaurin, (7) sorafenib, (8) AC-220, and (9) IL-2 [116-119]. In recent years, maintenance
therapy with demethylating agents and TKIs is under evaluation in clinical trials. The
combination of intensive chemotherapy and targeted therapies including TKIs or demethy‐
lating agents is currently under clinical evaluation as PRT in AML patients [12,119].

Allogeneic HSCT is preferred over chemotherapy as PRT in patients with intermediate- and
poor- risk AML aged 40-60 years, whereas autologous HSCT remains a treatment option to be
considered in patients with intermediate-risk disease [114]. Although allogeneic HSCT offers
the most effective anti-leukemic therapy, increased NRM may compromise its favorable
effects. RIC-allogeneic HSCT in patients above 40 years of age reduces NRM while maintaining
the GVL effect. Given the potent GVL effect and the limited toxicity profile associated with the
use of RIC-allogeneic HSCT, further evaluation of this form of HSCT in AML patients younger
than 40 years is warranted [114]. In AML patients at high-risk of relapse, allogeneic HSCT with
grafts obtained from matched-related donor (MRD) or matched-unrelated donor (MUD) is still
the gold standard of care, while in patients at low-risk of relapse, autologous HSCT has shown
promising results [12].

7.1. PRT for AML in younger adults

Young adult and adolescent patients (15 - 35 years) deserve special attention due to the specific
medical and social needs. Approximately 60 - 80% of patients newly diagnosed with AML
achieve CR with intensive chemotherapy. Without additional cytotoxic chemotherapy,
virtually all of these patients will eventually relapse within 4 - 8 months [115,119]. However,
the choice of PRT in these patients depends on a number of factors that include: (1) the expected
rate of relapse with consolidation chemotherapy alone, influenced by karyotype, (2) the
expected mortality and morbidity associated with each option as determined by age and
comorbidities of patients, and (3) the available salvage therapy in case of disease relapse [115].
Although it is essential to maintain CR in AML patients responding to chemotherapy,
maintenance therapy is not yet a standard AML treatment as it is still under evaluation [119].
According to risk stratification, the recommended PRT is as follows: (1) favorable cytogenetics
such as t(8,21), inv(16) and t(16,16): 3 or more cycles of consolidation chemotherapy with
HiDAC rather than standard dose cytarabine, alternative chemotherapeutic agents or early
HSCT, (2) intermediate risk cytogenetics including normal karyotype: decision on option
either HSCT or chemotherapy should be based on individual patient features such as age,
comorbidities, initial WBC count and MRD, patient preference, HSCT donor availability and
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access to specific clinical trials, and (3) unfavorable cytogenetics: allogeneic HSCT is preferred
over conventional chemotherapy and autologous HSCT [115].

8. Treatment of relapsed / refractory AML

Relapse after achieving CR is one of the most important obstacles in improving the outcome
of patients with AML [120]. Approximately 70-75% of AML patients younger than 65 years
will achieve CR if treated with standard induction chemotherapy [121]. TRM associated with
induction chemotherapy has dropped to less than 5% with modern supportive care [121]. The
prognostic scores and the risk factors for relapse in AML include: (1) adverse cytogenetics, (2)
age at relapse, worst in patients more than 45 years old, (3) FLT3 mutation status, and (4)
duration of first CR, worst if ≤ 6 months [122]. Also, adenine-adenine polymorphism in the
cytotoxic T-lymphocyte antigen 4 (CTLA4) gene polymorphisms have higher relapse rates
than adenine-guanine polymorphisms [122].

Therapeutic options that are available for patients having relapsed or refractory AML include:
(1) salvage therapies that include various combinations of chemotherapeutic agents as shown
in Table 9 [119,123], (2) chemotherapy and donor lymphocyte infusion (DLI) [123,124], (3)
myeloablative allogeneic HSCT, RIC-allogeneic HSCT and second allogeneic HSCT
[119,122,123], (4) novel and targeted therapies including: (a) immunomodulatory agents such
as lenalidomide, (b) aminopeptidase inhibitors such as tosedostat, (c) purine analogs such as
clofarabine, (d) mTOR inhibitors such as sirolimus and everolimus, (e) hypomethylating
agents such as azacytidine and decitabine, (f) histone deacetylase (HDAC) inhibitors such as
vorinostat, (g) farnesyl transferase inhibitors such as tipifarnib, (h) FLT3 inhibitors such as
quizartinib, sorafenib and lestaurtinib, (i) CXCR4 antagonists such as plerixafor, (j) combina‐
tion of azacytidine and sorafenib, and (k) monoclonal antibodies such as GO, lintuzumab,
avastin and bevacizumab [122,123,125,126], (5) appropriate clinical trials, and (6) palliative
care and supportive measures [122].

The following will improve the outcome of relapse: (1) improved understanding of the biology
of AML, (2) molecular characterization of the subtype of AML, and (3) the development of
new targeted and novel therapies [34]. Improvements in the outcome of patients with relapsed
AML can be attributed to the following: (1) improvement in supportive care such as blood
products and antimicrobials, (2) availability of better salvage therapies, (3) improvement in
HSCT techniques, and (4) the introduction of new targeted therapies [120].

Despite the availability of multiple novel agents, prognosis of patients with relapsed AML
remains poor [119,125]. The personalized approach is promising but will bring about new
challenges for treating physicians [125]. Molecular tests may contribute to future personalized
therapy, ultimately resulting in improved outcome [125]. In patients with relapsed/refractory
AML, the dose of lenalidomide escalated to 50 mg/day for 21 days, every 4 weeks is safe, active
and has low toxicity [126]. The immunomodulatory effect of lenalidomide can bring AML
relapsing after HSCT into CR2 [126]. More than 20% of patients with newly diagnosed AML
who fail induction therapy can still be cured, particularly if they are fit to have allogeneic HSCT
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[121]. Thus, early human leukocyte antigen (HLA)-typing and donor identification are
important components of the initial therapy of AML [121].

In patients with AML receiving allogeneic HSCT, relapse remains the main cause of treatment
failure and is associated with poor prognosis [124]. Most treatments are of limited utility in
AML patients relapsing after HSCT [124]. Re-induction chemotherapy can induce CR2 in 30 -
40% of AML patients relapsing following allogeneic HSCT, but remissions are usually of short
duration and most of these patients ultimately relapse and die [124]. DLI alone may induce
remission in 15-20% of patients, but long-term remissions are rare, while chemotherapy and
DLI could induce durable remissions in a considerable proportion of patients with relapsed
AML following HSCT [124]. Isolated extra-medullary relapse (EMR) is common after DLI and
chemotherapy and it requires particular attention in future studies. Second allogeneic HSCT
is associated with long-term overall survival of 10-35% and TRM of 40-50% [124].

Regimen Main adverse effects Response rates

Reinduction with
cytarabine and
daunorubicin

Fever, gastrointestinal (GIT) upset, arrhythmias and
daunorubicin-induced reactions

Complete remission (CR):
50%

HiDAC
High dose cytarabine

Fever, GIT upset, cerebellar toxicity, chemical keratitis and
conjunctivitis

CR: 35-40%

HAM
High dose cytarabine and

mitoxantrone
Fever, infections, stomatitis, arrhythmias and heart failure

Higher response rates
than

HiDAC alone

High dose cytarabine and
etoposide

Fever, anaphylaxis and peripheral neuropathy
Similar responses to

HiDAC alone

Mitoxantrone and
etoposide

Fever, infections, heart failure, arrhythmias and Stomatitis CR: 40%

MEC
Mitoxantrone, etoposide

and cytarabine

Fever, infections, hepatic dysfunction, arrhythmias and heart
failure

Higher CR rates in
patients

< 60 years and those with
unfavorable risk

FLAG; fludarabine,
cytarabine and G-CSF

(granulocyte monocyte
colony stimulating factor)

Mucositis and infections CR: 45-55%

CLAG
Cladrabine, cytarabine

and G-CSF
Fever, infections, mucositis and GIT upset CR: 50%

Cyclophosphamide and
high dose etoposide

Fever, infection, hemorrhagic cystitis, mucositis and liver
dysfunction.

CR: 42%

Table 9. Chemotherapeutic regimens that are used in the treatment of relapsed / refractory AML
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8.1. Allogeneic HSCT for AML

Allogeneic HSCT is a potentially curative therapeutic option for many patients with AML
[127-130]. Currently, AML is the most common indication for allogeneic HSCT [128,131,132].
Over the last decade, safety, effectiveness and the number of allogeneic HSCT procedures
performed for patients with AML have increased substantially [128]. The ability to select
candidates who benefit from allogeneic HSCT has improved due to an increased understand‐
ing of the biology of AML and implementation of risk stratification of AML based on cytoge‐
netic and molecular markers [128,133].

In adult patients with AML, allogeneic HSCT is indicated in the following situations: (1) AML
refractory to induction chemotherapy; all patients with AML who failed initial induction
treatment and are: younger than 65 years, having available donor and an acceptable comor‐
bidity index should be subjected to allogeneic HSCT, (2) AML in CR2; all patients who are
younger than 75 years of age, having appropriate donor and a comorbidity index of ≤ 5 should
be offered HSCT, (3) AML patients relapsing after induction or consolidation chemotherapy,
(4) all AML patients with intermediate- or high-risk disease such as complex cytogenetics,
monosomal karyotype or Philadelphia chromosome, (5) AML secondary to MDS or chronic
MPNs, (6) t-AML not having favorable cytogenetics, and (7) AML with extramedullary disease
such as CNS involvement [127,128,134-137]. The curative effect of HSCT results from both: (1)
the radiation and/or chemotherapy used in the conditioning regimen administered prior to
HSCT, and (2) the GVL effect obtained from the donor immune system [128]. The conditioning
therapies administered before stem cell infusions can be divided into the following types: (1)
conventional intensity conditioning (CIC) or standard myeloablative preparatory regimens
which cause prolonged and irreversible pancytopenia and require stem cell rescue, otherwise
leading to death, (2) minimally intensive conditioning (MIC) that cause cytopenias, but do not
require stem cell rescue, and (3) RIC regimens which include all other conditioning therapies
that do not qualify for either CIC or MIC [138]. In the latter form of conditioning therapies,
peripheral blood counts may recover only after many weeks and these regimens require stem
cell support to be clinically useful [138]. In patients with AML, the following conditioning
therapies have commonly been used: (1) cyclophosphamide and total body irradiation, (2)
busulfan and cyclophosphamide, (3) total lymphoid irradiation and anti-thymocyte globulin
(ATG), (4) fludarabine, busulfan or treosulfan, and (5) clofarabine and busulfan [131,136].
However, myeloablative conditioning therapies, such as TBI and cyclophosphamide or
busulfan and cyclophosphamide, cannot be administered to patients who are more than 50
years of age or have comorbidities because of high rate of TRM and toxicity [136].

Allogeneic HSCT has been established as an effective consolidation treatment in AML patients
in first or subsequent remissions [134]. Allogeneic HSCT may be restricted to AML patients at
a relatively high-risk of relapse such as intermediate and poor risk cytogenetics [134]. One of
the main reasons for adopting allogeneic HSCT in the treatment of AML is the proven curative
potential of GVL effect associated with allografting [131]. Unfortunately, GVL effect and
GVHD are intimately linked [131]. Although allogeneic HSCT can effectively prevent relapse
of AML, TRM associated with allogeneic HSCT may compromise that beneficial effect
[130,134]. A significant reduction in TRM has been achieved during the last 3 decades and the
ongoing developments may add to that improvement [134].
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Achieving a cure for AML even in younger adult patients with de novo AML remains a
challenge [139]. Despite being a curative therapeutic option for younger patients with AML in
CR1, allogeneic HSCT with myeloablative conditioning therapy carries significant toxicity that
limits its utilization. Alternative therapeutic options include intensive consolidation chemo‐
therapy and autologous HSCT [139]. The potentially fatal complications of allogeneic HSCT
include: (1) GVHD, (2) opportunistic infections, (3) VOD of the liver, (4) interstitial pneumo‐
nitis, and (5) organ failure [134]. Compared with non-allogeneic HSCT therapies, allografting
has significant RFS and overall survival benefit for intermediate- and poor-risk AML, but not
for good risk AML in CR1 according to a meta-analysis that was based on 24 prospective
clinical trials which included 6007 AML patients [139]. Studies have shown that the factors
determining the outcome of allogeneic HSCT in AML patients include: (1) age of the patient,
(2) comorbidity index (3) number of induction cycles of chemotherapy administered to achieve
morphological remission, (4) the type of consolidation chemotherapy given, (5) the cytogenetic
risk group: favorable, intermediate or unfavorable, (6) pre-transplant karyotype, (7) pre-HSCT
peripheral blood count recovery, (8) status of MRD prior to HSCT, and (9) the preparative
conditioning therapy; myeloablative versus non-myeloablative [134,135,140]. The following
developments or changes in the clinical management of patients with AML subjected to
allogeneic HSCT have contributed to the improved survival: (1) improved prevention and
treatment of GVHD by methotrexate, cyclosporine-A, mycophenolate mofetil as well as other
immunosuppressive therapies, (2) transplantation or infusion of higher doses of hematopoietic
progenitor cells, (3) molecular monitoring of viruses such as cytomegalovirus as well as
Epstein-Barr virus and subsequent pre-emptive therapy in patients with viral infections, (4)
improved detection and treatment of fungal infections, (5) introduction of high-resolution
HLA-typing and the increased number of pre-transplant and procedure-related factors, which
allow risk assessment and thereby may guide transplant policies that affect transplantation
outcome, (6) the application of new techniques that assess the risk of relapse after HSCT such
as MRD and chimerism, (7) the recent progress in transplant procedures such as: the use of
alternative donors, RIC-allogeneic HSCT with its new conditioning therapies, and novel
therapies in maintenance therapy after HSCT to prevent relapse of AML, and (8) improvement
in supportive care, treatment of bacterial infections, provision of safer blood products and
appropriate utilization of intensive care facilities [128,129,133,134].

In patients with AML, CNS involvement is rare and is associated with poor prognosis, hence
allogeneic HSCT is indicated in AML patients with CNS disease [137]. In adults with AML
having CNS involvement and subjected to allogeneic HSCT, the independent risk factors for
survival include chronic GVHD, disease status and cytogenetic risk category [137].

Allogeneic HSCT in AML patients with monosomal karyotype particularly (-5/5q-) in CR1 is
associated with a significant reduction in relapse rate and an improvement in survival
[141,142]. The role of allogeneic HSCT in AML patients with abnormal 17p is questionable as
it is associated with poor outcome and a 2 year EFS of only 12% [142]. Hierarchical classification
of adverse-risk karyotypes, according to distinct genetic lesions, is effective prognostically in
detecting the outcome of allogeneic HSCT in AML patients [142]. Patients with AML who
harbor FLT3-ITD genetic mutations carry a poor prognosis. Although allogeneic HSCT may
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improve the outcomes of these patients, relapses occur frequently [143]. Two management
interventions may improve the outcome of allogeneic HSCT in patients with AML having
FLT3-ITDs: (1) early detection of MRD following HSCT may allow early intervention, and (2)
maintenance therapy with sorafenib and other agents may prevent or delay relapse [143,144].

In older patients with AML, allogeneic HSCT is a feasible therapeutic option and can provide
approximately 40% survival at 2 years in appropriately selected patients [145]. Although
increasing age is associated with poorer survival, higher comorbidities and poor performance
status have more negative impact than age per se [145]. The increasing number and experience
with alternative donors will facilitate allogeneic HSCT and make it a more achievable thera‐
peutic option for elderly AML patients [119,145]. Also, the advent of RIC regimens made
allogeneic HSCT an available treatment option with curative intent for older AML patients
[114,146]. Recent studies on the role of allogeneic HSCT in AML patients have revealed: (1)
little impact of age on the outcome of HSCT, and (2) greater impact of the following on HSCT
outcome: (a) the recipient health status; comorbidity index and performance status, (b) the
AML disease status; CR1 or CR2 at the time of transplantation, and (c) the associated chro‐
mosomal aberrations; favorable versus intermediate or unfavorable cytogenetics [146]. RIC-
allogeneic HSCT has resulted in better survival among older patients with AML than
autologous HSCT or conventional chemotherapy [146]. Despite the acceptable outcomes of
alternative donors and the reports of equivalent outcomes of MRD and MUD allografts, grafts
obtained from HLA-identical siblings continue to be associated with the most favorable
outcomes after allogeneic HSCT [119,146].

Strategies that can speed up immune reconstitution following allogeneic HSCT for AML
include: (1) infusion of genetically modified lymphocytes, (2) in vivo T-cell depletion, (3)
rapamycin to promote T-regulatory cell expansion in vivo, and (4) cyclophosphamide, on day
3 after stem cell infusion, to reduce alloreactive lymphocytes [136]. There are new strategies
to enhance and maintain the GVL effect of DLIs while minimizing GVHD and these strategies
include: (1) pre-emptive DLI before overt relapse, (2) co-stimulation with cytokines or
dendritic cells (DCs), and (3) the use of leukemia-specific antibodies and other immunothera‐
pies including: (a) monoclonal antibodies such as GO, (b) hypomethylating agents such as
azacytidine and decitabine, (c) proteasome inhibitors such as bortezomib, (d) immunomodu‐
latory agents such as lenalidomide, and (e) HDAC inhibitors [130,147].

The main causes of treatment failure in allogeneic HSCT for AML are disease relapse and
treatment toxicity [130,140,147,148]. Relapse after allogeneic HSCT in AML patients remains
a major obstacle to survival as it accounts for 20-50% of the primary causes of death [147].
Factors that predict an increased risk of relapse in AML patients subjected to allogeneic HSCT
include: (1) disease status at transplant, (2) adverse cytogenetics at diagnosis, and (3) increased
intensity of post-transplant immunosuppression [136]. In AML patients relapsing following
allogeneic HSCT, the following treatment options are available: (1) intensive chemotherapy
and/or DLI, (2) second allogeneic HSCT after withdrawal of immunosuppression or (3) the
best supportive care [147,148]. When relapse is the most common concern for treatment failure
associated with allogeneic HSCT, a female donor for a male recipient may be beneficial in
decreasing the incidence of relapse rate following HSCT [149]. However, AML relapse
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following allogeneic HSCT predicts a poor survival [148]. Patients who relapse ≥ 6 months
after initial allogeneic HSCT have better survival and may benefit from intensive chemother‐
apy or a second allograft with or without DLI [148]. The use of alternative donor HSCT is
increasing as the transplantation-eligible population ages and as sibling donors become less
available [150]. A recently published study that included 414 patients with AML, treated at 2
institutions in the USA and France, evaluated the donor source of stem cells on the outcome
of allogeneic HSCT [MRD: 187 patients; MUD: 76 patients; and umbilical cord blood (UCB):
151 patients] revealed that: (1) the 6-year overall survival was similar across all donor types,
and (2) the TRM was also similar across all donor types. The data obtained from this study
support the use of alternative donors as a graft source with myeloablative or RIC allogeneic
HSCT for patients with AML when a sibling donor is not available [150].

In younger patients with high-risk AML, allogeneic HSCT has a significant positive impact on
the outcome. In this group of patients, allografts from MRD or MUD yield similar results [151].
In AML patients relapsing after autologous HSCT, allogeneic HSCT using MUD is a feasible
option that results in 20% long-term leukemia-free survival [152]. In patients with AML in
CR1, without available identical donor, the possible transplantation options are: (1) haploi‐
dentical HSCT using T-cell depleted grafts, and (2) autologous HSCT but the choice depends
on the experience of the transplant center [153]. Survival of older patients with AML under‐
going allogeneic HSCT with grafts obtained from younger unrelated donors has improved
compared to allografts obtained from older related donors [132]. UCB-HSCT has provided an
alternative transplantation option for patients with high-risk AML lacking MRD and MUD,
but it is associated with high risk of relapse which limits its use in this category of patients
[154]. Risk factors for extramedullary relapse in patients with AML receiving haploidentical
allogeneic HSCT include failure to achieve CR prior to HSCT and absence of chronic GVHD
after allografts [155]. The GVL effect may help to prevent and eradicate EMR following
allogeneic HSCT [155]. Haploidentical donors can safely extend transplantation options for
AML patients without HLA matched siblings or unrelated donors [156,157]. HLA-haploident‐
ical HSCT is an effective and immediate therapeutic modality for high-risk AML patients who
lack matched donors [158]. The use of fractionated 800 cGy-TBI-based conditioning therapy
and unmanipulated peripheral blood stem cell grafts seems feasible and can result in favorable
outcomes for adult patients with AML in CR undergoing haploidentical HSCT [159]. However,
relapse remains a leading cause of death in high-risk AML patients subjected to haploidentical
HSCT [158]. Achievement of CR before transplantation and recombinant human G-CSF
priming of conditioning therapy can improve the outcome of patients with high-risk AML
receiving haploidentical allografts [158,160].

8.2. RIC-allogeneic HSCT for AML

The frequency of fatal toxicities in the course of myeloablative allogeneic HSCT for AML
patients increases with age [138]. Unfortunately, the vast majority of patients with AML, who
would benefit from an allograft, are older and therefore usually ineligible for such therapy
[138]. RIC-allogeneic HSCT was introduced more than a decade ago for patients who were
older, had significant comorbid conditions as well as poorer performance status [161]. This
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form of HSCT has improved the accessibility to transplant patients with AML or other
hematological malignancies who are not eligible for standard conditioning therapy for
allogeneic HSCT [162]. However, RIC-allogeneic HSCT appears to be safe and permits durable
donor engraftment [162]. The antineoplastic potency of RIC-allogeneic HSCT relies primarily
on the GVL effect of the allograft rather than ablating all residual leukemia disease [161]. The
anti-leukemic GVL effect is derived from the donor cells infused [138]. TRM appears to be less
with RIC-allogeneic HSCT than that observed with conventional myeloablative allogeneic
HSCT [138]. RIC-allogeneic HSCT for AML has the following limitations: (1) insufficient anti-
leukemic effect in the preparative conditioning therapy, (2) high relapse rates, (3) possible
higher incidence of engraftment failure, (4) unclear benefit of using conventional pre-trans‐
plant cytoreductive treatment, (5) incidence and severity rates of chronic GVHD similar to
myeloablative transplants, and (6) most of the available data have been obtained from small
single-center reports or larger but retrospective multicenter studies rather than prospective
trials [138].

In patients with high-risk AML ineligible for conventional allogeneic HSCT, RIC regimen can
result in long-term remissions and chronic GVHD that reduces relapse rate and improves OS
as well as DFS [163]. In these patients, novel approaches are also required to reduce post-HSCT
relapses [163]. Allogeneic HSCT from related or unrelated donors after conditioning therapy
with low-dose TBI and fludarabine relies almost exclusively on GVL effects and can result in
long-term remissions in older patients and in patients who are medically unfit for the standard-
myeloablative conditioning therapy [164]. Compared to fludarabine, cytarabine and idarubi‐
cin nonablative conditioning regimen, the more myelosuppressive conditioning therapy with
fludarabine and melphalan provided better disease control, but higher TRM and morbidity in
patients with high-risk MDS and AML subjected to allogeneic HSCT [165]. RIC-allogeneic
HSCT using fludarabine, busulfan and alemtuzumab conditioning treatment is safe and has
minimal toxicity even in high risk patients with advanced disease in whom conventional
myeloablative conditioning therapy is contraindicated [162].

In a four arm clinical study that included 51 patients who were followed up for at least 100
days, RIC-allogeneic HSCT in these patients with AML using clofarabine and/or fludarabine
in addition to IV busulfan daily conditioning therapy, the following results were obtained: (1)
clofarabine had sufficient immunosuppressive capacity to consistently support the engraft‐
ment of allogeneic progenitor cells, (2) clofarabine and IV busulfan ± ATG appeared to be a
highly active conditioning regimen in patients with advanced largely chemotherapy-refrac‐
tory myeloid leukemia, (3) the use of fludarabine and clofarabine in addition to busulfan was
safe, and (4) in pre-transplant conditioning therapy, a combination of 2 nucleoside analogs
(fludarabine and clofarabine) may synergistically increase anti-leukemic efficacy without a
concomitant increase in clinical toxicity [166].

Treosulfan in combination with fludarabine as RIC therapy for allogeneic HSCT in patients
with secondary AML or MDS is a feasible and an effective regimen that enables engraftment
in almost all patients subjected to transplantation [167]. Achieving a stringent CR in AML
patients is critical for the success of RIC-allogeneic HSCT [161]. However, the definition of CR
was updated in 2003 and the new definition requires no evidence of leukemia by flow
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cytometry in addition to having morphological remission [161]. Despite being associated with
GVHD, TRM and relapse, RIC-allogeneic HSCT produces outcomes similar to allogeneic
HSCT using myeloablative regimens [138].

8.3. Autologous HSCT

Autologous HSCT is an effective therapeutic modality in AML with the possibility of long-
term survival, particularly in patients with standard-risk AML [168,169]. Several historical
randomized trials have reported significantly lower relapse rates after autologous HSCT than
after conventional chemotherapy [170,171]. Autologous HSCT has the following advantages:
(1) faster hematological engraftment reflected by the recovery of blood indices, (2) the
possibility of applying this form of transplant in older patients, (3) lower incidences of
transplant-related complications, (4) faster immune reconstitution, and (5) absence of GVHD
[169]. However, autologous HSCT has few disadvantages including: lack of GVL effect,
insufficient number of peripheral stem cells at mobilization, and higher incidence of relapse
[169]. Faster recovery of blood counts following autologous HSCT has the following advan‐
tages: shorter duration of hospitalization, decreased need for blood product transfusion, and
reduction in the days of IV antimicrobials [172].

Oral busulfan is the historical backbone of the busulfan-cyclophosphamide conditioning
regimen for autologous HSCT [170]. The use of IV busulfan, instead of the oral form, simplifies
the autograft procedure and confirms the usefulness of autologous HSCT in AML. As in
allogeneic HSCT, IV busulfan is associated with the uncommon complication of VOD in the
autologous transplant setting [170].

BM is the traditional source of stem cells for HSCT [172]. Since 1994, the use of peripheral blood
stem cells has resulted in more rapid engraftment kinetics and lower rates of NRM [170]. The
use of G-CSF-mobilized peripheral blood stem cells use has been associated with more rapid
engraftment presumably due to the higher number of infused CD34+ cells and with reduced
morbidity and TRM compared to autologous BM transplantation [172,173]. Therefore,
autologous peripheral blood HSCT has recently replaced autologous BM transplantation
based on reduction in morbidity, resource utilization and duration of hospitalization [174].
Nevertheless, the outcomes of peripherally collected autologous stem cells and autologous
stem cells collected by BM harvesting are similar [172].

Phase I and II studies have shown that patients with favorable- risk cytogenetics benefit from
autologous HSCT with a reduction in relapse rate and improvement in leukemia-free survival
[174]. However, in patients with high-risk AML, autologous HSCT is not a valuable option,
while allogeneic HSCT is a valid therapeutic potential provided CR or control of the disease
is achieved [175]. In elderly individuals with AML, there are limitations to the utilization of
autologous HSCT [176]. Fortunately several new agents that can be used alone or in combi‐
nations may become more useful that autologous HSCT in this age group [176].

In elderly patients with AML, autologous HSCT has been performed, but the published studies
lack randomization and have included highly selected patients [177]. However acceptable
toxicity and relatively low TRM have been reported [177]. Relapses following autologous
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HSCT were also the main cause of treatment failure [177]. In patients with de novo AML
belonging to the age group of 60 - 70 years: more than 25% of patients benefit from standard
intensive chemotherapy and autologous HSCT has a tolerable toxicity and may have a positive
impact on leukemia-free survival [178].

The outcome of autologous HSCT widely varies among patients with AML [179]. Delayed
hematological recovery in patients with AML in CR1, subjected to autologous HSCT, is
associated with favorable outcome, that is, longer OS and longer time to progression [179]. A
two-step approach to autologous HSCT is as follows: (1) HiDAC consolidation, and (2)
conditioning therapy with busulfan and etoposide followed by infusion of peripherally
collected autologous stem cells has produced excellent stem cell yields and has allowed a high
proportion of patients to receive this intended therapy [180].

9. Maintenance therapy following HSCT

Disease recurrence is a major cause of treatment failure after HSCT for AML [117]. Disease
relapse post-HSCT is a devastating event for patients with hematologic malignancies [116].
Maintenance therapy following HSCT offers the possibility of avoiding or delaying relapse,
but its role remains unclear in most diseases treated by HSCT [116]. GVHD is a major cause
for NRM and morbidity after HSCT. Decitabine maintenance after HSCT may eradicate MRD
and facilitate a GVL effect. Lower doses of decitabine (15 mg/m2 for 5 days every 6 weeks) are
well tolerated after HSCT [117]. Decitabine maintenance may have a favorable effect on the
incidence of GVHD by enhancing the effect of T-regulatory lymphocytes [117]. One study has
shown that approximately 43% of patients are able to tolerate 8 cycles of low dose decitabine
maintenance following HSCT. The lower incidence of GVHD and the lack of decitabine toxicity
indicate that a longer period of administration may be required [117]. Methods that are used
to monitor MRD following HSCT include: (1) MFC, (2) PCR for gene overexpression (PCR-GE)
in disease compared to healthy tissue, (3) PCR for sequence, somatic mutation or splice variant
specific to tumor (PCR-NUT), and (4) next-generation sequencing (NGS) [95,102-104,116].

9.1. Immunotherapy in AML

Myeloid forms of leukemia are particularly suited for immunotherapeutic interventions
because of the following reasons: (1) myeloid leukemias express both HLA class I and class II
molecules and their down-regulation is infrequently observed in leukemic blasts, (2) leukemic
blasts typically exist in physical niches within the BM microenvironment and/or peripheral
blood components that are relatively accessible to antigen-specific T-cells and other non-
antigen-specific immunocytes, (3) myeloid disorders are often characterized by chromosomal
translocations that result in chimeric proteins which are unique leukemia antigens that may
offer target specificity, and (4) the window of immune recovery or reconstitution following
cytotoxic-based induction therapy or HSCT offers a unique opportunity to prime an immune
response or circumvent potential leukemia-induced peripheral tolerance [181]. The following
are the types of immunotherapies that are available for AML patients: (1) allogeneic HSCT
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including RIC-allogeneic HSCT, (2) DLIs as well as GVL effects of HSCT and DLI, (3) autolo‐
gous anti-leukemic T-cell infusions, (4) adoptive transfer of allogeneic or autologous T-cells
and natural killer (NK) cells, (5) vaccination with leukemic cells, (6) use of peptides and DNA
vaccines such as: peptide vaccines, granulocyte monocyte-colony stimulating factor (GM-CSF)
secreting tumor vaccines and whole tumor cell vaccines, (7) use of immunomodulatory drugs,
(8) DC immunotherapy including: monocyte or BM-derived-DCs and leukemia-derived-DCs,
(9) treatment with cytokines such as IL-2, (10) administration of monoclonal antibodies such
as GO, and (11) WT1 antigen targeting [182-187].

Cytotoxic chemotherapy can successfully induce remissions in adult patients with AML,
but such remissions are not usually sustained as the disease has high probability of relapse
[182]. In AML patients durable remissions can be achieved in less than 30% of patients as
most of these patients respond initially to combination chemotherapy, but relapse later on
[182,183]. At relapse, blast cells are usually resistant to the drugs to which the patient has
been exposed and also frequently to other cytotoxic agents. In such cases, immunological
mechanisms for blast killing appear crucial [183]. There is evidence; obtained from tissue
culture,  animal and clinical  studies,  that  stimulated donor T-cells  can recognize and kill
leukemic blasts through the recognition of alloantigens, differentiation antigens or leukemia-
specific antigens as targets [183].

Strategies to prevent relapse of AML include: consolidation chemotherapy, HSCT and
immunotherapy [182]. The principle of anti-leukemic adoptive immunotherapy, as coined by
Georges Mathe in 1965, is an activity of allogeneic immunologically competent cells against
the host leukemic cells [188]. The best known model and the most commonly used method of
anti-leukemic adoptive immunotherapy is allogeneic HSCT [188]. The following provide
evidence supporting the GVL effects of allogeneic HSCT: (1) lower relapse rate amongst
recipients of HLA-identical sibling transplants than recipients of syngeneic transplants, (2)
lower relapse rate among patients who develop GVHD following allogeneic HSCT, (3)
decreased GVHD but increased relapse rate after T-cell depleted allografts, (4) anti-leukemic
effect and curative potential of DLI in patients with leukemia who relapse after HSCT, and (5)
the effectiveness of non-myeloablative allogeneic HSCT [188]. Wider application of immuno‐
therapies such as allogeneic HSCT and RIC therapy has altered the landscape and could offer
a potential for cure to an increasing number of older patients with AML [186]. RIC-allogeneic
HSCT in older AML patients, after achievement of CR, is feasible and has improved DFS over
conventional chemotherapy [186].

Immunotherapeutic approaches such as improvement in pre-HSCT conditioning regimens
and the use of DLI to induce GVL effect will ultimately improve the outcome of HSCT and
decrease the burden of AML [182]. The GVL effect of HSCT has shown that the immune system
is capable of eradicating AML [189]. Allogeneic HSCT and DLI have the potential to eradicate
leukemic cells by means of allogeneic T-cells [185]. Adoptive immunotherapy has the potential
to provide long-term survival and even cure in patients with leukemia [188]. Novel approaches
using NK cells and T-cells have been developed to provide more direct anti-leukemic therapy
while sparing the risk of toxicity to normal tissues [188].
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Emerging clinical data indicate that GO is efficacious not only in acute promyelocytic leukemia
but also, once combined with conventional chemotherapy, in favorable and intermediate risk
AMLs [190]. Data from several cooperative groups indicate that older patients with AML
benefit from the incorporation of GO into the induction therapy [186]. Also, the clinical results
of GO strongly support the utility of CD33 targeted therapeutics [190]. The early recognition
that some AMLs may predominantly or entirely involve committed myeloid progenitor cells
led to efforts underlying LSCs with antibodies recognizing the CD33 differentiation antigen
[190]. Targeted therapy with GO has produced remissions in relapsed AML and the drug
appears promising when used in combination with the standard chemotherapy for the
treatment of newly diagnosed AML [191].

Targeted alpha-particle immunotherapy offers the potential of more efficient tumor cell killing,
while sparing the surrounding normal cells, than beta-particles [192]. Clinical studies on alpha
particle immunotherapy for AML have focused on the myeloid cell surface antigen CD33 as a
target using the humanized monoclonal antibody lintuzumab. Studies have demonstrated the
safety and efficacy of bismuth-213 labeled lintuzumab in the treatment of AML as it has
produced remissions in some patients with AML after partial cytoreduction with cytarabine
[192]. The second generation construct that contains actinium-225 (225 Ac-lintuzumab) has
also been shown to have significant anti-leukemic activity even in elder patients with low-dose
cytarabine [192]. Preclinical studies have shown that anti-CD45 monoclonal antibodies, as part
of conditioning therapy prior to HSCT, are useful [192]. MRD reflected by the persistence of
LSCs below the detection limit by conventional methods, causes a high rate of disease relapses
[187]. Assessment of MRD is critical in monitoring the effectiveness of immunotherapy in AML
patients as the ultimate goal of AML treatment is the eradication of MRD [182,187].

Four decades after the initial attempts at vaccination for AML, using bacilli Calmette-Guerin
and irradiated autologous leukemic cells, interest in immunotherapy in AML has been revived
[182,193,194]. Phase I and II studies using different DC vaccination protocols have been
designed [187]. DC-based vaccination has resulted in the induction of potent anti-leukemic
cytotoxic T cells, but with limited clinical efficacy [187]. To improve the effectiveness of DC-
based vaccination, the optimal timing of vaccination during the course of AML has to be
determined, although current literature and cumulative experience indicate that immuno‐
therapy may be most effective in the state of MRD following induction and post-remission
chemotherapy [187].

The development of antigen-targeted immunotherapy of AML has been accelerated by: (1) the
GVL effect of HSCT on residual leukemic cells, and (2) the identification of leukemia associated
antigens (LAAs) that can serve as potential targets for immunotherapy [189]. There are several
LAAs and these together with other molecules that may serve as potential targets in AML
immunotherapy are included in Table 10 [185,187,195,196]. Criteria that should be met for
selection of ideal LAAs which can be used in AML targeted therapy include that they should:
(1) be leukemia specific as they are expressed in leukemia cells with minimal or no expression
in normal tissues, (2) display high and homogeneous expression in most leukemic blasts
including LSCs, (3) play a defined oncogenic role and are important for the leukemia pheno‐
type, (4) be immunogenic as they possess strong immunogenic properties, (5) demonstrate
clinical utility and effectiveness, (6) show expression in hematopoietic stem cells and (7)
display expression in T-cells particularly activated T cells [189,195].
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Antigen or molecules (percentage) Antigen or molecule (percentage)

AURKA (Aurora kinase A) (37%) CD 25 ; IL-2 receptor α -

PRAME (preferentially exposed
antigen in melanoma)

(32%) CD 33 ; siglec - 3 > 80%

PHAMM (CD 168, receptor of
hyaluronic mediated motility)

(60-70%) CD 44 ; H-CAM 100%

WT1 (Wilms tumor 1) (73-100%) CD 45 -

CLL-1 (c-type lectin-like molecule) (92%)
CD 47
(integrin-associated protein
immunoglobulin superfamily)

100%

MUC (mucin-1) (67-70%) CD 96 (tactile Ig superfamily) 30%

mHAgs (minor histocompatibility
antigens)

- CD 123 ( IL-3 receptor α) 100%

HBG-2 (42%) h Tert

CCNA-1 (82%) HSJ 2

BAALC (30%) MPP 11

PRTN-3 (48%) NE (neutrophil elastase)

RBPJk - PR1

Proteinase 3 - DRAP and cyclin A1

Table 10. Leukemia-associated antigens and other molecules that the potential targets in AML immunotherapy

Improved understanding of NK cell biology has provided insights on selection of donors for
HSCT and on the immunotherapeutic options in non-HSCT settings [186]. Novel immuno‐
therapeutic approaches and identification of novel target antigens and improved donor
selection for allogeneic HSCT hold promise for a variety of treatment options for older patients
having AML in the near future [186]. The identification of LAAs and the observation that
administration of allogeneic T- cells can mediate a GVL effect paved the way to develop active
and passive immunotherapeutic strategies respectively [185]. Promising targeted passive
immunotherapy approaches include: the administration of anti-CD33 antibodies and the
adoptive transfer of LAA-specific T cell or KIR ligand-mismatched NK cells [185]. Whole tumor
cell vaccines or DC-based vaccines also hold promise in boosting the immune system for the
induction of anti-leukemia immune responses. The aim of these immunotherapeutic strategies
is the eradication of AML blasts by the immune system [185]. Treatment of older patients with
AML is slowly but steadily changing with emphasis on supportive care and potentially
curative therapeutic approaches such as certain forms of allogeneic HSCT [186].

Recent advances in immunology and identification of promising LAAs open the possibilities
of eradicating MRD by antigen-specific immunotherapy following the administration of
cytotoxic chemotherapy [184]. Progress in inducing antitumor immune responses together
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with strategies to attenuate immunosuppressive factors will establish immunotherapy as an
important armament to combat AML [184]. Although immunotherapeutic trials have shown
improvement in immunogenicity and clinical outcomes, severe adverse events have been
encountered in highly avid engineered T-cell therapies indicating the importance of having a
balance between effectiveness and adverse effects related to the use of advanced immuno‐
therapy. Such a balance between clinical efficacy and safety will become a main issue in the
era of advanced future immunotherapy [184].

9.2. Novel and targeted therapies in AML

Development of effective targeted cancer therapeutic depends upon distinguishing disease-
associated or driver mutations, which have causative roles in the pathogenesis of malignancy,
from passenger mutations that are dispensable for cancer initiation maintenance [197].
Therapeutic strategies in AML are shown in Table 11 [15]. Molecular targeted therapies and
novel agents that are being evaluated in clinical trials are included in Table 12 [17,58,198-213].

Number Therapeutic approach Examples

(1) Epigenetic regulation
(a) histone deacetylase inhibitors: vorinostat, panobinostat and belinostat
(b) DNA methyltransferase inhibitors: azacytidine and decitabine

(2) Induction of differentiation
(a) Arsenic trioxide
(b) Retinoid X receptor agonists: ATRA

(3) Inhibition of angiogenesis a- Thalidomide b- Lenalidomide c- Bortezomab

(4)
Modulation of drug
resistance

(a) Valspodar (b) Zosuquidar

(5)
Modification of traditional
chemotherapeutics

(a) Nucleoside analogs: clofarabine, sapacitabine and elacytarabine
(b) Alkylating agents: irofulven, temodar and onrigin
(c) Topoisomerase II inhibitor: hycamtin

(6) Immunotherapy
a- Monoclonal antibodies: myelotarg, lintuzumab and avastin
b- T-cell targeted therapies

(7)
Inhibition of
signaling pathways

(a) Tyrosine kinase inhibitors: sorafinib, modostaurin and lestaurtinib.
(b) Cell cycle inhibitors: ONO 1910. Na
(c) Farnesyl transferase inhibitors: sarasar and zarnestra
(d) mTOR inhibitors: afinitor, temsirolimus, PI-103 and GSK 21110183
(e) PARP inhibitors: ABT-888
(f) MEK 1/2 inhibitors: AZD 6244, GSK1120212, AS703026 and PD98059
(g) Bcl2 inhibitors: Obatoclax, Oblimersen and ABT-263
(h) XIAP inhibitors: AEG -35156
(i) Aminopeptidase inhibitors: tosedostat

Table 11. Therapeutic strategies in patients with acute myeloid leukemia
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10. Small molecule inhibitors in AML

Many patients with AML who initially respond to induction chemotherapy will eventually
relapse or develop refractory disease [115,213]. Targeted therapy with small molecule inhibi‐
tors (SMIs) represents a new therapeutic intervention that has been successful in treating
several cancers [213]. Examples of SMIs that include inhibitors of the targets: FLT3, HDAC,
heat shock protein, CXCR4, proteasomes and Aurora kinases are shown in Table 12 [213-233].
There has been great interest in generating selective SMIs that target critical pathways of
proliferation and survival of blasts in AML. SMIs have been developed to modulate the activity
of proteins encoded by mutated or over-expressed genes in patients with AML [213]. Clonal
evolution and pharmacodynamics are potential obstacles to the clinical development of SMIs
for the treatment of AML. Multi-targeted agents and the combination of SMIs with cytotoxic
chemotherapy may improve the efficacy of treatment [213]. The analysis of patient samples is
an important tool to investigate resistance mechanisms, and discover and validate biological
markers that could be used for the prediction and assessment of treatment response [213].

Molecular target Phase of study Small molecule inhibitors or new drugs in
clinical trials

Aurora kinase I * Alisertib
* AMG 900

Farnesyl transferase 1/2 - Tipifarnib
- Lestaurtinib

Histone deacetylase 1/2/3 - Valproic acid
- Panobinostat
- Vorinostat
- Entinostat

Proteasome inhibitor 2 - Bortezomib
- Ixazomib

CXCR4 1/2 * Plerixafor
* BL- 8040
* BMS - 936564

HSP 90 1/2 - Ganetespid

FLT 3 1/2/3 - Crenolanib
- Sorafenib
- Midostaurin

- Quizartinib
- Sunitinib
- Listaurtinib

C-Kit 1/2 - Nilotinib
- Dasatinib

Hedgehog pathway 1/2 PF - 04449913

WTN pathway 1 * PRI-728
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Molecular target Phase of study Small molecule inhibitors or new drugs in
clinical trials

* CWP - 232291

IDH 1/2 1 * AG - 120
* AG - 221

Molecular target Small molecule inhibitors or new drugs in
clinical trials

mTOR pathway - Rapamycin
- Everolimus
- Temsirolimus

Nucleoside analogs - Clofarabine
- Sapacitabine

DNA hypomethylating
agents

- Azacytidine
- Decitabine

Immunomodulatory
agents

- Lenalidomide

Monoclonal antibodies - Gemtuzumab

Bcl-2 * ABT - 199
* ABT - 737

Retinoids - ATRA

MEK1 - E 6201

Alkylating agents - Bendamustine

Statins - Pravastatin

Mitochondrial translation
inhibitor

- Tigecycline

EGFR inhibitor - Erlotinib

Oncogene elF4 E inhibitor - Ribavirin

VEGFR inhibitor - Pazopanib

CDK inhibitor - Flavoperidol

RAS mutation - GSK1120212 - MSC 19363698

JAK 2 mutations INCB 018424

Table 12. Molecular targeted therapies and new drugs in AML clinical trials

10.1. FLT3 inhibitors

FLT3-ITD activating mutations are present in one fifth to one third of adult patients with AML
and they are associated with poor prognosis [197,203,204]. FLT3-ITD mutations represent a
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driver lesion and can be a valid therapeutic target in AML [197]. Agents that target FLT3
mutations are under development for the treatment of patients with AML and they may offer
a potential paradigm change in the current standard treatment of AML [17]. The introduction
of FLT3 inhibitors for the treatment of AML may be the start of a new era in the treatment of
AML after many years of exclusive dependency on cytotoxic chemotherapy [17]. Examples of
FLT3 inhibitors include: sorafenib, midostaurin, sunitinib and lestaurtinib [17]. Early FLT3
inhibitors including midostaurin, sunitinib and lestaurtinib have demonstrated significant
promise in preclinical models of FLT3 mutant AML. Unfortunately, in early clinical trials,
many of these agents had failed to achieve robust and sustained FLT3 inhibition as they caused
only transient decreases in peripheral blast counts [204]. The second-generation FLT3 inhibi‐
tors, such as quizartinib, have demonstrated enhanced FLT3 specificity and have been well
tolerated in early clinical trials. Several FLT3 inhibitors have reached phase III clinical trials
and a variety of phase I and II trials in order to explore the role of these novel agents in
conjunction with conventional chemotherapy and HSCT [204]. Molecular insights provided
by FLT3 inhibitors have shed light on the various mechanisms of drug resistance and have
provided a rationale supporting the use of combinations of conventional chemotherapeutic
regimens and novel targeted treatments [204].

Most patients with FLT3-ITD-positive AML show initial favorable response to FLT3 inhibitors
followed by the development of drug resistance [203]. After the use of FLT3 inhibitors in
patients with single FLT3-ITD-mutated AML, a new tyrosine kinase mutation may arise, a
phenomenon that is associated with the evolution of drug resistance [205]. Acquired resistance
to selective FLT3-ITD-positive AML is an emerging clinical problem in the treatment of FLT3-
ITD and this resistance is associated with poor prognosis [203,205,206]. There are several
mechanisms of resistance to FLT3 inhibitors and they include: (1) FLT3 receptor and ligand
expression, (2) up-regulation of the compensatory signaling pathways, (3) acquired mutations
in the tyrosine kinase domain (TKD) of FLT3, (4) mutations in other kinase genes, and (5) up-
regulation of anti-apoptotic proteins [203]. One of the most common mechanisms of resistance
to inhibitors is the acquisition of secondary FLT3-TKD mutations which primarily consist of
point mutations in the activation loop TKD2 and in the ATP-binding pocket of TKD [203].

Midostaurin and lestaurtinib are multi-targeted kinase inhibitors that include FLT3 as one of
their targets [207]. They are more appropriate for the treatment of newly diagnosed AML as
they are broad-spectrum agents [207]. Quizartinib is a highly selective FLT3 inhibitor and is
less toxic to FLT3-ITD AML primary samples in vitro. It may be useful in relapsed patients in
whom high FLT3 ligand levels may necessitate a highly potent agent that is able to prevent
ligand binding to FLT3 [207]. In patients with relapsed/refractory AML, particularly those
harboring FLT3-ITD mutations, quizartinib has shown clinical activity with acceptable toxicity
profile [208]. Quizartinib is a potent and selective FLT3-TKI with activity against both FLT3-
mutant and wild-type AML [209]. However, the quality and duration of responses achieved
are suboptimal [209]. The combination of quizartinib and chemotherapy may improve the
outcome, while the combination of quizartinib and agents that tackle BM microenvironment
may enhance response rates [209]. Sunitinib has anti-leukemic activity in patients who become
resistant to sorafenib indicating that sequential therapy with different FLT3 inhibitors may
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provide clinical benefit [203]. Clinical activity of sorafenib monotherapy in FLT3-ITD- positive
adult AML patients including induction of CRs has been described [203]. However, clinical
responses have not been durable in most patients [203].

Ponatinib is a multikinase inhibitor that has demonstrated clinical efficacy in patients with
chemotherapy resistant AML having with FLT3-ITD mutations [210]. It exhibits activity
against AC-220-resistant FLT3-ITD/F691 gatekeeper mutation, but it is highly ineffective
against FLT3-ITD activation loop mutations, particularly at the D835 residue [210]. Crenolanib
is a novel TKI that has demonstrated an inhibitory activity against drug-resistant AML primary
blasts with FLT3-ITD and D835H/Y mutations [211]. It is effective against FLT3-ITD containing
secondary kinase domain mutations, suggesting that crenolanib may be a useful therapeutic
agent against TKI-naive and drug-resistant FLT3-ITD-positive AML [211].

The dual Aurora-B/FLT3 inhibitors represent a significant development in the treatment of
AML [212]. These dual inhibitors may overcome FLT3 inhibitor resistance, partly due to
inhibition of Aurora kinase, and thus may benefit patients with FLT3-mutated AML [206].
Orally bioavailable dual FLT3-Aurora kinase inhibitors with improved properties are cur‐
rently under development [206]. More potent novel therapies that are useful in the manage‐
ment of relapsed or heavily pretreated AML having high circulating levels of FLT3 ligand
include: FLT3-ITD-specific small molecules and monoclonal antibodies that target FLT3. Also,
the use of sensitive methods to monitor FLT3 mutations during treatment may allow individ‐
ualized treatment with the currently available kinase inhibitors [207].

10.2. HDAC inhibitors

In t(8,21) AML, the AML1/ETO fusion protein promotes leukemogenesis by recruiting class I
HDAC-containing repressor complex to the promoter AML1 target genes [214]. Recruitment
of HDACs is an important epigenetic mechanism of transcriptional dysregulation and gene
silencing in AML [215]. Modulation of protein lysine acetylation through the inhibition of
HDACs is one of the therapeutic strategies to treat AML patients who are unfit for intensive
chemotherapy [216]. HDAC-inhibitor-mediated differentiation therapy is a potent and
molecularly rational therapeutic strategy in t(8,21) AML. Epigenetic modifying enzymes such
as: HDACs, P300 and PRMT1 are recruited by AML-1/ETO thus providing a molecular
rationale for targeting these enzymes to treat AML with t(8,21) [217]. Although early phase
clinical assessment indicated that treatment with HDAC inhibitors may be effective in t (8,21)
AML, rigorous preclinical studies to identify the molecular and biological events which may
determine therapeutic responses have not been established [217]. The only HDAC inhibitors
that have been investigated in clinical trials of AML are butyrate derivatives, valproic acid
(VPA) and desipeptide [218]. HDAC inhibitors can mediate anti-leukemic effects in AML, but
their clinical benefits are limited, thus further studies including combination therapies are
warranted [218]. VPA is a HDAC inhibitor that is being utilized as a disease-stabilizing therapy
as it improves normal blood values and has a minimal risk of clinically relevant toxicity [216].
However, VPA has not been investigated in randomized clinical trials [216]. VPA has been
shown to cause growth arrest and induce differentiation of malignant cells via HDAC
inhibition [214]. VPA may effectively target AML1/ETO-driven leukemogenesis through
disruption of aberrant HDAC inhibitor function. Therefore, VPA should be integrated in the
novel therapeutic approaches for AML1/ETO-positive AML [214].
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Autophagy is a catabolic pathway that is upregulated during times of nutrition limitations or
stress to maintain cellular metabolism and organelle integrity [219]. In AML1/ETO- positive
AML cells, HDAC inhibitors induce autophagy which acts as a pro-survival signal to limit
HDAC-induced cell death. In contrast to the fusion oncoproteins, promyelocytic leukemia-
RARA (PML-RARA) and breakpoint cluster region-abelson, AML1/ETO is not degraded by
either basal or drug-induced autophagy [219]. Combined treatment with HDAC inhibitors and
autophagy inhibitors such as chloroquine has resulted in a massive accumulation of ubiqui‐
tinated proteins that correlated with increased cell death [219]. The combination of VPA
induced autophagy in the cells of patients with t (8,21) AML and chloroquine therapy has
enhanced cell death. Because VPA and chloroquine are well-tolerated drugs, their combination
could represent an attractive treatment option for AML1-ETO- positive leukemia [219].

10.3. Heat shock proteins

Heat shock proteins (HSPs) such as HSP-90 are often over expressed in AML and are involved
in the regulation of apoptosis, proliferation, autophagy and cell cycle progression. Hence, they
are considered as possible therapeutic targets in the management of AML [220]. Phase I and
II clinical trials have revealed that HSP-90 inhibition can mediate anti-leukemic effects in vivo.
Further studies including their combination with conventional chemotherapy are needed to
clarify their efficacy and toxicity in the future treatment of AML [220].

11. Targeted therapies for CBF-AML

Core binding factor (CBF)-AML is a favorable AML subset defined cytogenetically by t (8,21)
or inv (16) / t (16,16) rearrangement disrupting RUNX1 or CBFB transcription factor functions
[221]. The receptor tyrosine kinase (KIT) is expressed in the vast majority of AML subsets and
frequent activations of KIT gene mutations have been associated with a higher risk of relapse
[221]. Romidepsin has differential anti-leukemic and molecular activity in CBF-AML [215].
The development of romidepsin in the treatment of CBF-AML should focus on drug combi‐
nations that target related mechanisms of gene silencing such as DNA methylation [215].

A phase II study evaluated dasatinib as maintenance therapy in 26 patients with high-risk CBF-
AML with KIT mutations in first CR showing that dasatinib can be safely administered as
single-agent maintenance in AML patients in CR, but does not seem to prevent relapse, because
the activity of dasatinib may be impaired by spontaneous and/or dasatinib-driven clonal
devolution [221].

11.1. Clofarabine

Clofarabine is a second generation purine nucleoside analog that incorporates the character‐
istics of 2 other purine analogs: fludarabine and cladrabine [222,223]. It inhibits DNA poly‐
merases and ribonucleotide reductase, thus inducing apoptosis in cycling and non-cycling cells
[222]. Clinical trials have shown the activity of clofarabine in adult AML both as a single agent
and in combination with other cytotoxic drugs [223]. Clofarabine has also been used as front-
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line therapy combined with standard induction treatment, idarubicin and cytarabine, in newly
diagnosed AML and its use has been shown to be effective (longer OS and EFS compared to
chemotherapy alone) and relatively safe [224,225]. Clofarabine is cytotoxic to leukemic cells
that are resistant to cytarabine [226].

11.2. Lenalidomide

The highly encouraging results of lenalidomide in the treatment of del (5q) in low-risk MDS
have not been reproduced in del (5q) AML. However, in a study that included 33 patients, ≥
60 years without del (5q) and having low circulating blasts at diagnosis, lenalidomide had
produced CR rates of 50% [227]. The clear activity of lenalidomide in a subset of AML patients
should promote efforts to identify patients who are likely to respond to the drug, thus allowing
the rational use of this agent either alone or in combination with other drugs [227].

11.3. Obatoclax

Over-expression of Bcl-1, Bcl-xL and/or Mcl-1 has been associated with resistance to chemo‐
therapy in AML cell lines and ultimately poor clinical outcome [228]. Obatoclax (a novel
inhibitor of anti-apoptotic Bcl-2 family proteins and a pan-Bcl-2 inhibitor) enhances cytarabine-
induced apoptosis by enhancing DNA damage or double strand breaks and improves outcome
in AML patients harboring Bcl-2 proteins [228]. In a small cohort of elderly AML patients with
primary chemorefractory disease, a combination of low-dose azacytidine, ATRA and piogli‐
tazone (peroxisome proliferator-activated receptor γ ligand) has induced CRs, thus bimodu‐
latory therapy may bypass genetically based chemotherapy resistance in AML [229].

11.4. CXCR4 antagonists

The chemokine receptor (CXCR4) and its ligand stromal derived factor-1 (SDF-1) are important
key players in the cross-talk between leukemia cells and BM microenvironment or stroma niche
[230-232]. SDF-1 regulates the process of homing and engraftment of LSCs into the BM and
inhibition of its receptor CXRC4 induces mobilization of leukemic cells into the circulation
[232]. CXRC4 expression is associated with poor prognosis in AML patients with or without
FLT3 genetic mutations [231]. SDF-1α / - CXCR4 interactions contribute to the resistance of
leukemic cells to signal transduction inhibitor-and chemotherapy-induced apoptosis in
systems that mimic the physiologic microenvironment [233]. Disruption of these interactions
with CXRC4 inhibitors represents a novel strategy of sensitizing leukemia cells by targeting
their protective BM microenvironment [233]. Preclinical and clinical studies using CXCR4
antagonists in combination with chemotherapy have demonstrated that blocking CXCR4 is a
novel promising approach in the treatment of AML [230-232].

11.5. Monoclonal antibodies

Approximately 87.8% of AML cells express CD33 and 9.7% of AML cells express CD123,
without concomitant CD33 expression. Therefore, nearly all AMLs can be treated with
monoclonal antibodies directed against CD33 and CD123 [234]. Identification of targets or
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antigens on the cell surface of leukemic cells, particularly LSCs, has recently attracted partic‐
ular attention and new targeted therapies are under development. Tailored immunotherapy
targeting CD33 and CD123 is likely to enhance treatment efficacy in the majority of AML
patients [234].

CD33 is present on the leukemic blasts from the majority of patients with AML and MDS [235].
GO is a humanized anti-CD33 monoclonal antibody that was approved by the food and drug
authority (FDA) in the USA in 2000 for the treatment of AML in first relapse in patients older
than 60 years who are unfit for more intensive chemotherapy [235,236]. In recipients of HSCT,
the main adverse effects of GO treatment are anaphylactic reactions, adult respiratory distress
syndrome, hepatotoxicity and VOD [235-238]. GO has been shown to be effective in CD33
positive de novo AML even in younger adults and children either a single agent or in combi‐
nation with conventional induction chemotherapy. However, its use has not improved OS and
some studies have shown significant early TRM [237,239-241].

The IL-3 receptor α chain (CD123) has been identified as a potential immunotherapeutic target
because it is overexpressed in AML compared to normal HSCs [242]. CD123 chimeric antigen
receptor (CAR) T-cells specifically target CD123 positive AML cells [242]. AML patient-driven
T cells can be genetically modified to lyse autologous tumor cells. CD123-CAR-T cells are a
promising immunotherapy for treating high-risk AML [242]. CD123-specific CARs strongly
enhance anti-AML-CIK (cytokine-induced killer) functions, while sparing normal HSCs/
progenitor cells thus paving the way to develop novel immunotherapeutic approaches for the
treatment of AML [243]. The strategy of redirecting CIK cells with CD123 CAR should soon
find a place in the plethora of novel alternative approaches used to treat AML, because the
advantages in immune efficacy and in vivo persistence of CAR-redirected T-cells would
represent a relevant beneficial effect [244]. CD123 based myeloablation may also be used as a
novel conditioning therapy for HSCT [245]. Eventually anti-CD123 CAR-based strategy,
coupled with a suicide gene system, could truly represent a major advancement in the field of
AML therapeutics, providing a novel magic bullet for AML therapies, particularly for high-
risk transplanted patients with MRD or as an alternative biological therapy for older patients
in whom standard chemotherapeutic approaches are not applicable [246].

CD123 (IL-3-receptor α chain) has been identified as a potential immunotherapeutic target as
it is overexpressed on AML LSCs and AML blasts rather than HSCs [247]. Two fusion proteins
(anti-CD3 Fv-⊿IL3 and disulfide-stabilized anti-CD3 Fv-⊿IL3) display anti-leukemic activity
against CD123-expressing cell lines and leukemic progenitors both in vitro and in vivo.
Therefore, these 2 fusion proteins could be the promising candidates for future immunother‐
apy in AML [247].

11.6. Leukemia stem cells

Tumors possess a minor fraction of cancer stem cells (CSCs) which maintains the propagation
of the malignancy [248]. In many cancers, it is difficult to completely eliminate the CSCs by
chemotherapy or radiotherapy, thus recurrence or relapse of cancer usually occurs [248].
Perhaps the Holy Grail in cancer therapy today is CSCs or cancer initiating cells [248]. Despite
the recent increase in understanding the pathogenesis of AML, the disease remains with poor
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outcome due to the overwhelming relapse rate [249]. Given the general lack of significant
success in treating AML with conventional therapies, new approaches to treat the disease are
warranted. The coming years will witness the performance of active clinical trials on targeted
therapies against LSCs [249].

In 1994, CSCs were first described in AML cells by Dick and co-workers who dissociated LSCs
from the bulk of AML cells [248,250]. The immature LSCs resided within the CD34 positive/
CD38 negative subpopulation and they represented a small fraction of the total leukemic blasts
[248]. The discovery of LSCs has important clinical implications [250]. LSCs are relatively
insensitive to current therapies and they are considered amongst the leading causes of
treatment failure and relapse in patients with AML [247,248,250]. Many of the critical biological
properties of LSCs have been elucidated and these include the following: (1) distinct replicative
properties, (2) cell surface phenotypes, (3) increased resistance to chemotherapy, and (4)
involvement of growth-promoting chromosomal translocations [248]. In recent years, research
has focused on the characterization of LSCs population which is the disease compartment most
difficult to eliminate with conventional chemotherapy and the disease compartment most
responsible for relapse [249].

LSCs represent a rare self-renewing cellular subpopulation in AML and their property of
resistance to chemotherapy is associated with poor outcome. The characterization of genes
which express surface markers of LSCs is likely to reveal novel targets that may improve
therapeutic outcomes [251]. However, studies have shown that gene expression profiling of
LSCs lacks reproducibility. Also, diverse signatures obtained from the analysis of LSC gene
expression profiles confirm the heterogeneity of AML [251]. Analysis of gene sets that are
essential for regulating LSC functions and improving the reproducibility and clinical charac‐
teristics of the relevant LSC signatures at gene levels are vital for biologic, therapeutic and
prognostic levels in AML [251].

Although the field of specific therapeutic targeting of LSCs is still in its infancy as it is relatively
new, it is a highly promising battleground that may reveal the Holy Grail of cancer therapy
and may undoubtedly result in novel strategies to treat not only AML, but also leukemias in
general [248]. Due to the unique features of LSCs, drugs are designed to target these cells and
to eliminate them, but such drugs and therapies must be tested in the setting of clinical trials
[249]. To be successful, novel therapeutic options in AML should aim at eradicating LSCs.
Recently, the identification of targets on the cell surface of LSCs has been receiving particular
attention [247]. Also, the tumor cell microenvironment or niche is an important therapeutic
target, thus Rac inhibitors and various anti-integrin antibodies may be appropriate therapeutic
modalities [248]. However, targeting LSCs can be achieved by: (1) targeting the key signal
transduction pathways, namely: PI3K, Wnt and Rac, (2) targeting specific cell surface mole‐
cules such as CD33, CD44 and CD123 with effective cytotoxic monoclonal antibodies, (3) statins
that have shown promising potential in targeting LSCs, and (4) inhibitors of ATP-binding
cassette transporter proteins that are being extensively studied in combating drug resistance
which is a frequent characteristic feature of LSCs [247,248].
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11.7. Dendritic cells

The ability of DCs to activate T-cells is dependent upon their activation state [252]. Myeloid
progenitors are prominent source of DCs under homeostatic conditions. LSCs and leukemic
blasts can give rise to malignant DCs [253]. Immune tolerance to AML may be initiated at the
level of the innate immune system. A specific subset of DCs, called CD8α+DCs, may be
responsible for mediating tolerance in AML, thus targeting the innate immune system may be
beneficial in AML [252].

Leukemia-derived DCs can express leukemia antigens and may either induce anti-leukemic T
cell responses or favor tolerance to the leukemia, depending on the co-stimulatory or inhibitory
molecules or cytokines [253]. Active immunotherapy aimed at the generation of specific CTLs
may represent a powerful approach to target LSCs in the setting of MRD [253]. To fully activate
CTLs, leukemia antigens have to be successfully captured, processed and presented by mature
DCs [253,254]. DC-based immunotherapy is a promising therapeutic strategy for the elimina‐
tion of MRD in patients with AML [254]. Immunotherapy may be most effective in the setting
of MRD after successful induction and PRT [253,254]. AML patients who are at high risk of
relapse and who are not eligible for HSCT are particularly suited for such therapeutic approach
[253,254].

Studies have shown that DC-vaccination has resulted in potent anti-leukemia CTL-responses
and that DC-vaccination protocols remain a promising supplementary strategy in the treat‐
ment of leukemia [253]. The vaccination procedure includes: (1) the choice of LAAs, (2) the
source of DCs, (3) the DC maturation protocol, and (4) the way the application has to be defined
and standardized [253]. The timing and application of potential co-treatment including
chemotherapy/HSCT or immunomodulatory therapies have to be considered carefully [253].

12. Personalized therapy for AML

Over the past 7 years, the application of advanced technology in genetic sequencing has
revolutionized our understanding of AML biology [255]. Knowledge of somatic mutations in
AML and their clinical relevance has increased our ability to determine prognosis depending
on the pre-treatment risk stratification [125,255].

In many targeted agents, the initial response may be impressive, but ultimately the duration
of response is often modest due to the evolution of drug-resistant malignant cell populations
[125,255]. Additionally, the predominant clones at AML relapse may differ from the clones
encountered at presentation prior to the administration of chemotherapy [255]. Therefore,
repeat molecular profiling and drug susceptibility testing at relapse following targeted therapy
allows the determination of the mechanisms of resistance and the potential use of combined
targeted therapies to overcome drug resistance [125,255]. The ability to determine drug
sensitivity in the laboratory prior to administration of specific therapy (an approach similar to
antimicrobial susceptibility testing in microbiological disease) has long been an aspiration in
AML management [255]. However, personalized therapy may be more appropriate for certain
groups of patients such as older AML patients and those having relapsed disease [97,125,255].
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11.7. Dendritic cells

The ability of DCs to activate T-cells is dependent upon their activation state [252]. Myeloid
progenitors are prominent source of DCs under homeostatic conditions. LSCs and leukemic
blasts can give rise to malignant DCs [253]. Immune tolerance to AML may be initiated at the
level of the innate immune system. A specific subset of DCs, called CD8α+DCs, may be
responsible for mediating tolerance in AML, thus targeting the innate immune system may be
beneficial in AML [252].

Leukemia-derived DCs can express leukemia antigens and may either induce anti-leukemic T
cell responses or favor tolerance to the leukemia, depending on the co-stimulatory or inhibitory
molecules or cytokines [253]. Active immunotherapy aimed at the generation of specific CTLs
may represent a powerful approach to target LSCs in the setting of MRD [253]. To fully activate
CTLs, leukemia antigens have to be successfully captured, processed and presented by mature
DCs [253,254]. DC-based immunotherapy is a promising therapeutic strategy for the elimina‐
tion of MRD in patients with AML [254]. Immunotherapy may be most effective in the setting
of MRD after successful induction and PRT [253,254]. AML patients who are at high risk of
relapse and who are not eligible for HSCT are particularly suited for such therapeutic approach
[253,254].

Studies have shown that DC-vaccination has resulted in potent anti-leukemia CTL-responses
and that DC-vaccination protocols remain a promising supplementary strategy in the treat‐
ment of leukemia [253]. The vaccination procedure includes: (1) the choice of LAAs, (2) the
source of DCs, (3) the DC maturation protocol, and (4) the way the application has to be defined
and standardized [253]. The timing and application of potential co-treatment including
chemotherapy/HSCT or immunomodulatory therapies have to be considered carefully [253].

12. Personalized therapy for AML
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[125,255]. Additionally, the predominant clones at AML relapse may differ from the clones
encountered at presentation prior to the administration of chemotherapy [255]. Therefore,
repeat molecular profiling and drug susceptibility testing at relapse following targeted therapy
allows the determination of the mechanisms of resistance and the potential use of combined
targeted therapies to overcome drug resistance [125,255]. The ability to determine drug
sensitivity in the laboratory prior to administration of specific therapy (an approach similar to
antimicrobial susceptibility testing in microbiological disease) has long been an aspiration in
AML management [255]. However, personalized therapy may be more appropriate for certain
groups of patients such as older AML patients and those having relapsed disease [97,125,255].
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13. Conclusions and future directions

AML is a heterogeneous disease, with multifactorial etiology, characterized by specific
chromosomal abnormalities and genetic mutations. AML has numerous complications
including: anemia, bleeding diathesis, venous thrombosis, extramedullary involvement,
leukostasis, electrolytic disturbances and various infectious complications. Once the diagnosis
of AML is established, the disease should be classified into the appropriate subtype according
to the WHO and FAB classification systems, then patients should be thoroughly evaluated to
determine their fitness for therapy.

The management of AML in older patients is a real therapeutic challenge. However, treatment
of AML in older subjects should be tailored according to the circumstances of each patient
taking into consideration the age, comorbidities, performance state and the risk category
according to the cytogenetic and molecular profiles. Recently, several therapeutic options have
been made available for older patients with AML. Interestingly, targeted therapies and
monoclonal antibodies are more tolerable and more efficacious than the standard chemo‐
therapies. Philadelphia chromosome positive de novo AML is extremely rare and has several
distinguishing features. The available therapeutic options include: cytotoxic chemotherapy,
TKIs and allogeneic HSCT. The prognosis of this type of AML is generally poor and the median
survival is relatively short. Recently, the incidence of t-AML has been found to be increasing
due to the longer survival of cancer patients and the wider utilization of chemotherapy,
radiotherapy and immunosuppressive agents. This form of AML can be treated with chemo‐
therapy, allogeneic HSC, investigational agents or the best supportive care.

The aims of induction therapy in patients with AML are induction of CR and restoration of
normal BM function. Cytarabine and anthracyclines are still the backbone of the frontline
therapy of AML. Response to the induction phase of chemotherapy is evaluated by BM
examination, cytogenetic analysis, mutational studies and MRD by flow cytometry and PCR.

The evolution of new genetic mutations and MDR genes contribute to drug resistance that may
be encountered during AML treatment. Drug resistance in AML can be treated with salvage
chemotherapy and investigational therapies. For relapsed/refractory AML, the following
treatment options are available: salvage chemotherapeutic regimens, allogeneic HSCT,
immunotherapy with DLI, several novel and targeted therapies, appropriate clinical trials and
the best supportive care. PRTs in patients with AML include: (1) consolidation cycles of
chemotherapy, (2) autologous or allogeneic HSCT, and (3) maintenance therapy, in patients at
high risk of relapse, with the recently introduced novel therapies that can be can administered
even after successful HSCT.

The indications of allogeneic HSCT in patients with AML are: (1) AML refractory to induction
therapy, (2) refractory AML in CR2, (3) intermediate- or high-risk cytogenetics, (4) AML with
extramedullary disease, (5) AML secondary to MDS or chronic MPNs, and (6) t-AML not
having favorable cytogenetics. Myeloablative allogeneic HSCT is usually performed in
younger patients having good performance state and no major systemic dysfunction, while
RIC-allogeneic HSCT is generally offered to older patients with AML and patients who are
unfit to receive myeloablative-conditioning therapies. The antineoplastic potency of RIC-
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allogeneic HSCT relies mainly on the GVL effect of the allograft rather than the ablation of all
residual leukemic cells. Currently, several myeloablative and non-myeloablative conditioning
therapies are available for AML patients who are eligible for HSCT. Also, several donor or
stem cell sources are being utilized such as MRD, MUD, and UCB as well as the haploidentical
form of HSCT. In AML patients subjected to allogeneic HSCT, the following strategies to
enhance immune reconstitution can be employed: DLI, in vitro T-cell depletion, rapamycin to
promote expansion of T-regulatory cells and cyclophosphamide administered on day 3 post-
allogeneic HSCT to reduce alloreactive lymphocytes. Autologous HSCT is indicated for older
patients with comorbid medical conditions who are not candidates for allogeneic HSCT.
Several lines of immunotherapy can be used for AML patients and these include: (1) allogeneic
HSCT including RIC-allografts, (2) DLIs and GVL effect of RIC-allogeneic HSCT, (3) autolo‐
gous anti-leukemic T-cell infusions, (4) adoptive transfer of T-cells and NK cells, (5) vaccination
with tumor or leukemic cells and peptides, (6) immunomodulatory agents, (7) DCs and ILs,
and (8) monoclonal antibodies and WT1 antigen targeting. Recently, several lines of novel and
targeted therapies have been evolving in the management of AML and these include: FLT3
inhibitors, HSPs, HDAC inhibitors, purine analogs, CBF targeting agents, Bcl-2 inhibitors,
CXCR4 antagonists and monoclonal antibodies.

The prognosis of AML is very variable and depends on the: age of the patient at diagnosis,
comorbidity index, performance status and the specific karyotype. The incorporation of gene
mutational analysis as well as gene expression and micro-RNA profiling in the diagnostics of
AML is likely to enrich the risk stratification and consequently more targeted and novel
therapeutics may be utilized in the frontline management of AML in the future. The recent
advancements in the diagnostics and therapeutics have facilitated the introduction of person‐
alized therapy in patients with AML. Regular evaluation of molecular profiling is essential in
the modern management of AML. Drug susceptibility testing particularly at the time of
relapse, resembling antimicrobial susceptibility testing in microbiology laboratories, may
become a reality in the future.
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Abstract

Acute myeloid leukemia (AML) is a clonal, malignant disease of hematopoietic tissues
that is characterized by accumulation of abnormal blast cells, principally in the marrow
and impaired production of normal blood cells. The unsatisfactory clinical outcomes of
AML patients urged the development of new therapy strategies, one of which includes
the implementation of new nucleoside analogs. Clofarabine has offered new promising
perspectives within induction and consolidation therapies. This chapter will evaluate the
efficacy and tolerability of clofarabine as a single agent and in combination therapy, in‐
cluding hematopoietic stem cell transplantation, for AML patients.

Keywords: Clofarabine, adult acute myeloid leukemia

1. Introduction

Acute myeloid leukemia (AML) is defined as a clonal disorder characterized by the uncon‐
trolled proliferation and survival of immature myeloid progenitors that undergo a differen‐
tiation block at various maturation steps, leading to accumulation of leukemic cells in bone
marrow and inhibition of normal hematopoiesis [1].

The treatment of AML patients includes both induction and consolidation chemotherapy. The
overall goal of induction is to provide complete remission (CR) – <5% blast cells in the bone
marrow, absolute neutrophils count >1,000/μl and platelet count >100,000/μl. Consolidation
or post-remission chemotherapy, with or without hematopoietic stem cell transplantation
(HSCT), further improves the outcome by decreasing relapses.

Unfortunately, the therapy of AML patients has shown only partial progress over the past 20
years. For many years, the conventional induction chemotherapy for AML patients has
consisted of cytarabine plus an anthracycline (7+3 regimen; i.e., 7 days of treatment with
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cytarabine and 3 days of treatment with an anthracycline) [2]. Although the overall response
rate (ORR) to this combination is 70–80%, only 30–50% of them remains alive for more than 5
years since most patients will relapse and die from their disease or associated complications
[3]. Numerous modifications of this combination (using different anthracylines, adding a third
agent such as mitoxantrone or etoposide, extending the number of days of cytarabine, priming
of leukemia blasts with hematopoietic growth factors) failed to improve response rates and
overall survival (OS) [4–8].

Some 15–25% de novo AML patients fail to achieve CR because of resistance to treatment and
40% of CR patients will relapse within 2 years. Although several different salvage chemother‐
apy combinations have been administered to patients with refractory/relapsed AML, the
prognosis in this subset of patients is very poor, with a CR rate ranging from 30 to 50% [9]. The
goal of salvage chemotherapy is to provide a bridge to HSCT aimed at prolonged OS.

Older AML patients do very poorly [10]. Standard induction therapy with 7+3 in older patients
has resulted in CR rates ranging from 30 to 50% and induction mortality rates of 10–35%
[11,12]. Remissions are usually transient and rarely last more than 12 months. The median OS
is 5–10 months, with less than 10% of patients remaining in remission at 3 years [13].

The unsatisfactory clinical outcomes of patients with AML urged the development of new
nucleoside analogs. Over the past years, a series of deoxyadenosine analogs have been
synthesized with the aim to improve drug efficacy [14]. Several of these compounds, such as
fludarabine, cladribine, nelarabine, or gemcitabine, have been introduced into the clinical
practice for hematological malignancies. Clofarabine has progressively gained some attention
as a possible new weapon available for patients with AML [15] since this drug could be
implemented in induction and consolidation therapy including HSCT.

2. Clofarabine pharmacology

Clofarabine (2-chloro-20-fluoro-deoxy-9-b-D-arabinofuranosyladenine) is a second-genera‐
tion nucleoside analog synthesized in the 1990s. The rationale behind its design was to combine
the most favorable pharmacokinetic properties of fludarabine and cladribine. Like cladribine
and fludarabine, clofarabine is toxic to both non-proliferating human lymphocytes and rapidly
proliferating cells. Clofarabine is believed to enter cells by both facilitated and active nucleo‐
side transport mechanisms as well as, at higher concentrations and upon longer exposure, by
passive diffusion across lipid membranes [16]. Once inside the cell, clofarabine is phosphory‐
lated to its active triphosphate form by cellular enzymes, including deoxycytidine and
deoxyguanosine kinases [17]. Clofarabine metabolites are retained by cells to a greater extent
than are the metabolites of cladribine. This could lead to more pronounced anti-tumoral effect
and higher hematological toxicity of the former [18]. The anti-cancer activity of clofarabine
involves three major mechanisms: inhibition of deoxyribonucleic acid (DNA) synthesis,
inhibition of ribonucleotide reductase, and direct induction of apoptosis [19,20]. Clonogenicity
assays showed a strong inverse correlation between cell survival and incorporation of
clofarabine monophosphate into DNA, thus suggesting this latter mechanism as a critical step
for the cytotoxic potential of this drug [18].
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Given its mechanisms of action, clofarabine was predicted to work separately or synergistically
with other chemotherapeutic agents such as other purine nucleoside analogs and DNA-
damaging or cross-linking agents such as anthracyclines and platinum agents [21]. Therefore,
it is not a big surprise that clofarabine has gained so much interest in the past years. A lot of
clinical trials had been performed and relevant English language studies are summarized in
Table 1.

Reference
Study
phase

AML study
population

Patients,
N

Median
age

ORR % CR %
Median OS

(weeks)
Induction

mortality %

Combination with cytarabine

Faderl et al. [27] 2 Untreated 60 61 60 52 41 7

Becker et al. [28] 2 Untreated 50 53 82 76 97 2

Faderl et al. [30] 3 Untreated 70 71 67 63 46 16

Faderl et al. [32] 2 Untreated 60 70 66 58 51 7

Martínez-Cuadrón
et al. [31]

2 Untreated 11 74 27 27 Not reported 73

Becker et al. [40] 1–2 Relapsed/refractory 46 53 61 46 36 11

Tse et al. [42] 2 Relapsed/refractory 21 45 43 Not reported 9.5

Scappini et al. [43] 2 Relapsed/refractory 47 50.5 61.5 51 28 13

Faderl et al. [38] 2 Relapsed/refractory 25 63 40 28 23 3

Faderl et al. [39] 3 Relapsed/refractory 163 67 47 35 26 16

Combination with idarubicin and cytarabine

Willemze et al. [23] 1 Untreated 25 55.9 84 76 Not reported 16

Selleslag et al. [24] 1/2 Untreated 62 50 84 74 74% at 1 year

Nazha et al. [29] 2 Untreated 59 48 79 74 Not reached 4

Combination with daunorubicin

Vigil et al. [34] 2 Untreated 21 69 38 28.6 45 14

Monotherapy

Kantarjian et al. [35] 2 Untreated 112 71 46 38 41 16

Burnett et al. [36] 2 Untreated 106 71 48 32 19 18

Burnett et al. [37] 3 Untreated 203 74 38 22
13% at 2

years
32

Kantarjian et al. [26] 2 Relapsed/refractory 31 54 55 42 Not reported 5

List of abbreviations:

AML – acute myeloid leukemia; ORR – overall response rate; CR – complete remission; OS – overall survival

Table 1. Studies evaluating clinical responses of patients with acute myeloid leukemia to clofarabine combination and
monotherapy
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According to data from phase 1 trial, the maximum tolerated dose (MTD) of clofarabine, given
as 1-h infusion daily for 5 days in patients with hematological malignancies, was determined
to be 40 mg/m2/day. The dose-limiting toxicity (DLT) was hepatotoxicity. Among 16 AML
patients 16% ORR was registered, as two of them achieved CR and three had CR with
incomplete platelet recovery (CRi) [22].

In order to determine the MTD of clofarabine combined with 3 + 10 induction regimen
(idarubicin + cytarabine) in adults with untreated intermediate and unfavorable risk AML or
high-risk myelodysplastic syndrome (MDS), a phase 1 of the EORTC/Gimema AML-14A study
was carried out [23]. The study included 25 patients with median age of 55.9 years that received
clofarabine 1-h infusion (arm A) or push injection (arm B) for 5 days at the dose level of 5 × 10
mg/m2/day or 5 × 15 mg/m2/day in an algorithmic dose escalation 3 + 3 design. Patients in CR
were planned to receive a consolidation course (intermediate dose cytarabine, idarubicin).
Primary endpoint was safety and tolerance as measured by dose-limiting toxicity (DLT). The
clofarabine dose of 5 × 15 mg/m2/day resulted in four DLTs and three patients’ withdrawals
due to adverse events not classified as DLT while clofarabine dose of 5 × 10 mg/m2/day was
associated with one DLT and no treatment withdrawals. The latter clofarabine dose was
considered by the authors as MTD. CR and CRi were achieved in 21 patients (11/12 (92%)
receiving clofarabine 10 mg/m2/day; 10/13 (77%) receiving clofarabine 15 mg/m2/day).

Selleslag et al. reported the final results of the combined phase 1 and 2 parts of the EORTC/
Gimema AML-14A study that explored the antitumor activity of clofarabine containing
induction combination regimens at the aforementioned phase 1 selected dosage schedules [24].
Patients 18–60 years old (n = 57) with previously untreated intermediate- and bad risk AML
or high risk MDS (n = 5) were included in the study. Clofarabine was administered as 1-h
infusion (Arm A) or push injection (Arm B) at 10 mg/m2 on days 2, 4, 6, 8, and 10 in combination
with cytarabine (100 mg/m2/day on days 1–10) and idarubicin (10 mg/m2/day, on days 1, 3, and
5). One cycle of consolidation including cytarabine (500 mg/m2 every 12 h on days 1–6) and
idarubicin (10 mg/m2/day on days 4, 5, and 6) was administered in patients who achieved a
CR/CRi. The two tested clofarabine (5x10 mg/m2) containing regimens yielded an impressive
(84%) CR/CRi rate, whereas OS of both regimens was 74% at 1 year.

2.1. Clofarabine in AML induction therapy

2.1.1. Newly diagnosed AML patients

2.1.1.1. Clofarabine combination therapy

The benefit of combining clofarabine with cytarabine, was hypothesized given in vitro data
showing increased conversion of cytarabine to its active triphosphate form (ara-CTP) via
deoxycytidine kinase when cytarabine was given after clofarabine, and this drug combination
produced synergistic killing of myeloid leukemia cells [25]. The infusion of cytarabine was
begun 4 h after starting clofarabine as previous studies demonstrated that this was the time of
maximum clofarabine triphosphate accumulation in leukemia blasts [26].

The combination of clofarabine and cytarabine was studied as an induction therapy by Faderl
and colleagues [27]. They had enrolled 60 patients with newly diagnosed AML or high-risk
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MDS patients. The median age of the study group was 61 years (range, 50–74 years). The
induction therapy consisted of intravenous clofarabine 40 mg/m2 for 5 days (days 2 to 6)
followed 4 h later by intravenous cytarabine 1 g/m2 on days 1 to 5. On day 1, only cytarabine
was administered; on day 6, only clofarabine was administered. This cytarabine infusion rate
generated cytarabine concentrations in plasma that maximize the rate of ara-CTP accumulation
in leukemic blasts. Cycles were repeated every 4 to 6 weeks depending on leukemia response,
recovery of normal hematopoiesis, or occurrence of treatment-related toxicities. Patients were
allowed to receive a maximum of three induction cycles or until a CR, CRi or partial response
(PR) was achieved. The maintenance therapy given as a consolidation in responding patients
consisted of up to six additional courses with clofarabine 40 mg/m2 daily followed 4 h later by
cytarabine 1 g/m2 daily for three consecutive days. Of 60 patients, 48% had secondary AML,
50% had abnormal karyotypes, and 21% showed FLT3 gene abnormalities. The ORR was 60%
with 52% of CR and 8% of CRi. Induction death was observed in 7% of the patients. Despite
the good CR rate, OS did not appear to be improved compared with other induction regimens.

In order to improve the clinical outcomes of previously untreated AML patients, combination
therapy of clofarabine and cytarabine was tested with granulocyte colony-stimulating factor
(G-CSF) priming [28]. This therapy regimen was named GCLAC and 50 newly diagnosed
patients with AML or advanced MDS or advanced myeloproliferative neoplasm (MPN) were
included in the study. The median age was 53 years (range, 22–64 years). The treatment
consisted of intravenous clofarabine (30 mg/m2/day) followed 4 h later by intravenous
cytarabine (2 g/m2/day) for five consecutive days. Patients received daily subcutaneous G-CSF
priming from the day before chemotherapy until neutrophil recovery. A second induction
cycle was administered if a patient had >5% marrow blasts 21 days post induction. Patients in
remission received up to three post remission cycles with reduced dosages. Twenty-six percent
of the patients had unfavorable, 64% intermediate, and 8% favorable cytogenetics. The ORR
was 82% with 76% of CR and 6% of CRi. For patients with an antecedent hematologic disorder
(AHD), the CR rate was 65%, compared to 85% for those without an AHD. Seventy percent of
AML patients with the internal tandem duplication of fms-like tyrosine 3 (FLT3-ITD) achieved
CR after treatment with GCLAC without the inclusion of a FLT3 inhibitor. The 60-day mortality
was 2%. Median overall survival was 24.3 months and at a median follow-up of 15 months, 32
patients were alive of whom 21 were in remission. The authors concluded that front-line
GCLAC is a well-tolerated, effective induction regimen for AML and advanced myelodys‐
plastic or myeloproliferative disorders although GCLAC was not compared with other
induction regimens.

The combination of clofarabine, cytarabine, and idarubicine was applied in phase 2 study with
newly diagnosed AML patients less than 60-years-old. The study included 59 patients with
median age of 48 years (range, 19–60 years). The therapy consisted of clofarabine (20 mg/m2)
and cytarabine (1 g/m2) both for 5 days and idarubicin (10 mg/m2) for 3 days, followed in
patients in remission by up to six consolidation cycles with reduced dosages. The ORR was
79%. With a median follow-up of 10.9 months, the median OS was not reached and the median
event-free survival (EFS) was 13.5 months. Four-week and eight-week mortality were 2% and
4%, respectively. Forty-two percent of the patients proceeded with allogeneic SCT in first
remission. The authors performed a retrospective comparison with patients treated with
idarubicine and cytarabine, and concluded that the addition of clofarabine showed an apparent
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improvement in both OS and EFS. According to authors, patients ≤40 years and those with
unfavorable karyotype benefited most of triple combination therapy [29].

Several different clofarabine combinations were tested in previously untreated older AML
patients to find more effective and less toxic treatments.

The combination of clofarabine and low-dose cytarabine (LDAC) was tested as front-line
therapy in previously untreated older AML patients aged 60 years and older. The study
included 70 patients with newly diagnosed AML and median age was 71 years (range, 60–83
years). The patients were randomized to treatment with clofarabine alone versus clofarabine
plus LDAC [30]. Fifty percent of the patients had secondary AML/MDS, 50% had abnormal
karyotypes, and 11% showed FLT3 abnormalities. Clofarabine (30 mg/m2/day) was given
intravenously over 1 h (days 1 through 5) and in combination arm cytarabine was added (20
mg/m2/day) given by subcutaneous injection daily for 14 days (days 1 through 14), but
beginning 4 h after the start of clofarabine. On days 1 to 5, administration of clofarabine
preceded the injection of cytarabine by approximately 4 h. A second induction cycle was
permitted for stable disease, partial response, or hematologic improvement after the first
induction cycle. Patients with at least a CRi could receive up to 12 consolidation cycles. During
the consolidation, clofarabine (30 mg/m2/day) was given on days 1 through 3 with or without
7 days of cytarabine. Overall, 56% achieved CR and CR rate was significantly higher with the
combination. Induction mortality was not significantly different in both treatment arms (19%
with the combination versus 31% with clofarabine alone). The combination showed better EFS
but not OS.

Similar clinical study was performed on much smaller group of patients [31]. The study
included 11 patients with median age of 74 years (range, 63–87 years). Clofarabine (20 mg/m2/
day) was given intravenously over 1 h (days 1 through 5) in combination with LDAC (20 mg/
m2/day) given by subcutaneous injection daily for 14 days (days 1 through 14). Patients in CR
could receive a maximum of 10 consolidation courses with intravenous clofarabine (15
mg/m2/day) during five consecutive days and subcutaneous cytarabine (20 mg/m2/day) during
seven consecutive days. CR was achieved in 27%. The mortality rates at 4 and 8 weeks were
46% and 73%, respectively. Due to this unacceptable early mortality rate, the study was
prematurely discontinued. High mortality rate could be in part explained by inadequate
supportive care of the patients. The authors concluded that tight patients’ clinical monitoring,
follow-up, and intensive supportive care seem crucial to achieve at least acceptable clinical
outcomes in elderly AML patients receiving clofarabine plus LDAC.

The combination of clofarabine and LDAC was evaluated as an induction and consolidation
therapy, latter alternating with decitabine [32]. Decitabine is an important drug in induction
of global and gene-specific DNA hypomethylation [33]. Sixty patients with a median age of 70
years (range, 60–81 years) with newly diagnosed AML were included in the study. Induction
therapy consisted of clofarabine 20 mg/m2 by intravenous infusion daily (days 1 through 5)
plus cytarabine 20 mg subcutaneously twice daily (days 1 through 10). On days 1 through 5,
clofarabine preceded the cytarabine injections by about 3 to 4 h. Patients who did not achieve
a CR could receive one reinduction cycle at the same dose and schedule. In the case of persistent
disease after reinduction, patients could proceed with decitabine 20 mg/m2 as a 1- to 2-h

Leukemias - Updates and New Insights178



improvement in both OS and EFS. According to authors, patients ≤40 years and those with
unfavorable karyotype benefited most of triple combination therapy [29].

Several different clofarabine combinations were tested in previously untreated older AML
patients to find more effective and less toxic treatments.

The combination of clofarabine and low-dose cytarabine (LDAC) was tested as front-line
therapy in previously untreated older AML patients aged 60 years and older. The study
included 70 patients with newly diagnosed AML and median age was 71 years (range, 60–83
years). The patients were randomized to treatment with clofarabine alone versus clofarabine
plus LDAC [30]. Fifty percent of the patients had secondary AML/MDS, 50% had abnormal
karyotypes, and 11% showed FLT3 abnormalities. Clofarabine (30 mg/m2/day) was given
intravenously over 1 h (days 1 through 5) and in combination arm cytarabine was added (20
mg/m2/day) given by subcutaneous injection daily for 14 days (days 1 through 14), but
beginning 4 h after the start of clofarabine. On days 1 to 5, administration of clofarabine
preceded the injection of cytarabine by approximately 4 h. A second induction cycle was
permitted for stable disease, partial response, or hematologic improvement after the first
induction cycle. Patients with at least a CRi could receive up to 12 consolidation cycles. During
the consolidation, clofarabine (30 mg/m2/day) was given on days 1 through 3 with or without
7 days of cytarabine. Overall, 56% achieved CR and CR rate was significantly higher with the
combination. Induction mortality was not significantly different in both treatment arms (19%
with the combination versus 31% with clofarabine alone). The combination showed better EFS
but not OS.

Similar clinical study was performed on much smaller group of patients [31]. The study
included 11 patients with median age of 74 years (range, 63–87 years). Clofarabine (20 mg/m2/
day) was given intravenously over 1 h (days 1 through 5) in combination with LDAC (20 mg/
m2/day) given by subcutaneous injection daily for 14 days (days 1 through 14). Patients in CR
could receive a maximum of 10 consolidation courses with intravenous clofarabine (15
mg/m2/day) during five consecutive days and subcutaneous cytarabine (20 mg/m2/day) during
seven consecutive days. CR was achieved in 27%. The mortality rates at 4 and 8 weeks were
46% and 73%, respectively. Due to this unacceptable early mortality rate, the study was
prematurely discontinued. High mortality rate could be in part explained by inadequate
supportive care of the patients. The authors concluded that tight patients’ clinical monitoring,
follow-up, and intensive supportive care seem crucial to achieve at least acceptable clinical
outcomes in elderly AML patients receiving clofarabine plus LDAC.

The combination of clofarabine and LDAC was evaluated as an induction and consolidation
therapy, latter alternating with decitabine [32]. Decitabine is an important drug in induction
of global and gene-specific DNA hypomethylation [33]. Sixty patients with a median age of 70
years (range, 60–81 years) with newly diagnosed AML were included in the study. Induction
therapy consisted of clofarabine 20 mg/m2 by intravenous infusion daily (days 1 through 5)
plus cytarabine 20 mg subcutaneously twice daily (days 1 through 10). On days 1 through 5,
clofarabine preceded the cytarabine injections by about 3 to 4 h. Patients who did not achieve
a CR could receive one reinduction cycle at the same dose and schedule. In the case of persistent
disease after reinduction, patients could proceed with decitabine 20 mg/m2 as a 1- to 2-h

Leukemias - Updates and New Insights178

intravenous infusion daily for five consecutive days. Responding patients received consoli‐
dation therapy consisting of same clofarabine and cytarabine scheme alternating with
decitabine 20 mg/m2 for 5 days up to 17 cycles. Overall, 66% achieved CR and CRi. Notably,
all of the seven patients with an FLT3-ITD responded, which included CR in six of them (86%).
Induction mortality was low (7% at 8 weeks) and toxicities manageable. Among the 40 patients
who have achieved CR/CRi, the median relapse-free survival (RFS) and OS were 14.1 and 24.2
months, respectively. The median OS of all patients was 12.7 months. However, compared
with a historical group of patients who received clofarabine plus low-dose cytarabine with a
shorter consolidation, RFS was not statistically different.

The combination of clofarabine and daunorubicin was tested as a first-line therapy in previ‐
ously untreated older AML patients aged 60 years and older [34]. The median age of the 21
patients was 69 years (range, 60–85 years). Fourteen patients (67%) had unfavorable risk
features. Induction mortality was 14%. CR was registered in 28.6% of the patients and the
median OS was 11.2 months.

2.1.1.2. Clofarabine monotherapy

Clofarabine monotherapy was tested as an induction therapy predominantly in newly
diagnosed older AML patients.

A phase 2 study assessed the efficacy of clofarabine monotherapy in older adults with
untreated AML and at least one unfavorable baseline prognostic factor [35]. The study
included 112 patients with median age of 71 years (range, 60–88 years). Sixty two percent of
patients were ≥70 years old, 41% had intermediate, and 55% had unfavorable cytogenetics.
Clofarabine was administered intravenously daily at 30 mg/m2/d during induction (days 1
through 5) and 20 mg/m2/d during reinduction/consolidation (six cycles maximum). The
median duration of remission was 56 weeks. The ORR was 46% and according to authors it
did not seem to be affected by the presence of multiple unfavorable prognostic factors.
Noteworthy, five patients in remission proceeded to HSCT. The all-cause 30-day mortality rate
was 9.8% and the all-cause 60-day mortality rate was 16%. Median OS was 41 weeks for all
patients, 59 weeks for patients who achieved CR or CRi, and 72 weeks for patients who
achieved a CR.

Another two consecutive phase 2 studies (UWCM-001 and BIOV-121) assessed the efficacy of
clofarabine monotherapy in older adults with untreated AML [36]. UWCM-001 patients were
either older than 70 years or 60–69 years of age with cardiac comorbidity or poor performance
status (WHO >2) whereas BIOV-121 patients were at least 65 years of age and considered not
eligible for intensive chemotherapy. The studies enrolled 106 patients. Clofarabine was
administered intravenously daily at 30 mg/m2/d for 5 days and the patients could receive up
to four or six courses of this drug. CR+CRi were achieved in 48% of the patients and induction
death within 30 days was 18%. Interestingly, response and overall survival were not inferior
in the adverse cytogenetic risk group. The authors performed a retrospective comparison with
patients treated with LDAC and showed that the rate of CR/CRi with clofarabine was signif‐
icantly superior (48% vs 17%). They had also demonstrated that OS with clofarabine was
significantly superior to LDAC and non-significantly inferior to intensive chemotherapy.
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To confirm survival benefit of clofarabine, a randomized comparison of LDAC vs clofarabine
was performed in 406 untreated older patients with AML and high-risk MDS [37]. The median
age of the patients was 74 years (range, 51–90 years). LDAC was given as a twice-daily 20-mg
subcutaneous injection (days 1 through 10) with the aim of delivering four courses at approx‐
imately 6-week intervals and clofarabine was given as 20 mg/m2 daily (days 1 through 5) by
intravenous infusion for four courses approximately 4 to 6 weeks apart. Patients who were
considered to be benefiting (CR or stable disease) were permitted to receive additional courses
of treatment. The ORR (CR + CRi) was significantly improved in the clofarabine arm (38% vs
19%). However, there was no OS difference between the treatment arms. The authors explained
the lack of clofarabine survival benefit by the superior survival of LDAC patients who failed
to enter CR or who relapsed from CR.

2.1.2. Refractory or relapsed AML patients

2.1.2.1. Clofarabine combination therapy

Several clinical trials proved the clinical activity of clofarabine combination therapy in
refractory or relapsed AML patients. Although many clofarabine combinations had been
tested, the combination of clofarabine and cytarabine was largely applied in these patients.

Faderl and colleagues published a phase 2 study of clofarabine in combination with cytarabine
to treat patients with relapsed AML [38]. The trial was conducted in 32 patients with relapsed
acute leukemia, 25 of which are with AML. The median age of the whole study population
was 59 years (range, 18 to 84 years). Clofarabine 40 mg/m2 was administered as a 1-h intrave‐
nous infusion daily (days 2 through 6) followed 4 h later by an intermediate dose of cytarabine
(1 g/m2 as a 2-h constant-rate intravenous infusion) once daily (days 1 through 5). On day 1,
only cytarabine was administered; on day 6, only clofarabine was administered. Patients were
allowed to receive a maximum of two cycles of induction therapy and responding patients
could receive up to six additional cycles of maintenance therapy at 75% of the induction doses
of both clofarabine and cytarabine. ORR among AML patients was 40%. Only one patient died
during induction (within 4 weeks of therapy start), constituting an induction mortality of 3%.
The authors demonstrated that the combination of clofarabine with cytarabine is safe and
active.

Given the encouraging clinical results of the previous study, a phase 3, randomized, double-
blind, placebo-controlled trial based on the administration of clofarabine 40 mg/m2 or placebo
followed by cytarabine 1 g/m2 for five consecutive days was carried out in relapsed or
refractory AML patients [39]. The primary end point of the trial was OS. The median age was
67 years and 320 patients were included in the trial. Although OS did not differ between the
treatment arms, it was clearly demonstrated that the combination of clofarabine and cytarabine
significantly improved response rates and EFS.

The combination regimen of clofarabine and high-dose cytarabine with G-CSF priming
(GCLAC) was tested in a phase 1–2 study in patients with relapsed or refractory AML [40].
The median age of the patients was 53 years. Most patients were treated at the maximum dose
of clofarabine 25 mg/m2 per day and cytarabine 2 g/m2 beginning 4 h after the start of clofar‐
abine for 5 days. G-CSF 5 μg/kg was given from the day before chemotherapy until neutrophil
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recovery. The 30-day mortality for GCLAC was 0%. CRs were seen in 21 of the 46 evaluable
patients (46%) and the ORR was 61%. The authors demonstrated that CR rates were consid‐
erably higher among relapsed patients whose first CR durations had exceeded 6 months.
Median survival for all 50 patients was 9 months with 17 patients remaining alive after a
median follow up of 1.9 years since beginning GCLAC. Thirteen of these 17 received HSCT
after treatment with GCLAC. The authors showed that GCLAC is highly active in relapsed
and refractory AML.

Given the positive clinical activity of GCLAC in relapsed or refractory AML, this regimen was
retrospectively compared to fludarabine at 30 mg/m2 and cytarabine 2 g/m2 both daily for 5
days with (FLAG) or without (FA) G-CSF priming [41]. It was shown that after accounting for
the duration of first complete remission, salvage number, age, and cytogenetics, GCLAC was
associated with a higher CR rate and longer OS. Despite the retrospective nature of the
analyses, the authors concluded that GCLAC may be superior to FA/FLAG, particularly in
patients with short duration of first complete remission or unfavorable cytogenetics.

The combination of clofarabine and high-dose cytarabine was evaluated in 21 AML patients
with refractory or relapsed disease [42]. The median age of the patients was 45 years (range,
22–62 years). The treatment comprised intravenous clofarabine (40 mg/m2/day) and intrave‐
nous cytarabine (1–2 g/m2/day) starting 4 h after clofarabine infusion for five consecutive days.
Patients in CR could receive further consolidation chemotherapy with clofarabine + cytarabine,
high-dose cytarabine, or allogeneic HSCT. CR was achieved in 42.9% of the patients. The
authors demonstrated that although the small number of the cases, CR could be achieved only
in relapsed or refractory AML receiving clofarabine in combination of cytarabine at 2 g/m2/
day.

Another dose combination of clofarabine and cytarabine was tested in high-risk AML patients
who relapsed or failed to respond to at least two induction therapies [43]. The study was
conducted on 47 patients with median age of 50.5 years (range, 21–71 years). The therapy
consisted of clofarabine 22.5 mg/m2 given i.v., followed after 3 h by intravenous cytarabine at
1 g/m2 daily for five consecutive days. Patients achieving CR or partial response (PR) were
slated to receive a further consolidation cycle with clofarabine at 22.5 mg/m2 and cytarabine
at 1 g/m2 on days 1 through 4. Induction mortality was 13%. Among all patients, ORR was
61.5% – 24 (51%) achieved a CR and another five patients (10.5%) had a PR. Notably, among
the 24 patients, 13 patients underwent allogeneic HSCT. Given the poor prognosis of these
patients, combination therapy of clofarabine and cytarabine definitely represented a “bridge”
to transplantation.

The combination of clofarabine and high-dose cytarabine was tested in 35 refractory or
relapsed AML patients, at a median age of 39.4 years (range, 21–60 years), treated in our
institution [44]. Clofarabine was given 40 mg/m2 daily i.v. for five consecutive days (days 2–
6) followed 4 h later by cytarabine 1 or 2 g/m2 administered i.v. for five consecutive days (days
1–5). Eighteen patients (51.4%) achieved CR, whereas thirteen patients (37.1%) had resistant
disease, and four (11.4%) died during induction. In patients with CR, 55.6% (10/18) were able
to proceed to allogeneic HSCT. The 24-month OS for the whole patients’ cohort was 28.8%. We
concluded that clofarabine in combination with cytarabine is effective in refractory and
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relapsed AML patients, and it represents a useful remission induction strategy to serve as a
bridge to transplantation in these patients.

2.1.2.2. Clofarabine monotherapy

A phase 2 clinical and pharmacologic study of clofarabine in patients with refractory or
relapsed acute leukemia was performed [22]. The study included 62 patients of which 50% had
AML. Clofarabine was administered intravenously at 40 mg/m2 over 1 h daily for 5 days every
3 to 6 weeks. CR was achieved in 42% of the patients whereas ORR (CR+CRi) was 55%.
Response rates were higher in patients with longer first CR durations.

2.2. Clofarabine and hematopoietic stem cell transplantation

Over the past few years, the potential role of clofarabine has been studied also as a cytoreduc‐
tion therapy for patients candidate to transplant and within different conditioning regimens.

2.2.1. Clofarabine as a cytoreductive agent for patients candidate to transplant

The feasibility of a cytoreductive strategy based on clofarabine before allogeneic SCT for
refractory AML was specifically explored [45]. Clofarabine 30–40 mg/m2 i.v. daily for 5 days
was administered in 17 patients with plans to initiate conditioning during the nadir, 14 days
later. Bone marrow biopsy 12 days after clofarabine showed effective cytoreduction in 59% of
the patients which correlated with higher progression-free survival (PFS) and OS. The toxicity
of the regimen was acceptable. Sixteen patients received their hematopoietic stem cell infusion
at a median of 22 days after starting clofarabine. Transplant-related mortality at day 100 and
2-year was 6 and 36% respectively, while 1 year PFS and OS were 25 and 38%, respectively.
These results showed that clofarabine cytoreduction followed by immediate HSCT is feasible
with acceptable toxicity and transplantation-related mortality (TRM).

A retrospective analysis was performed in order to evaluate the antileukemic efficacy and
toxicity of clofarabine-based chemotherapy followed by reduced-intensity conditioning (RIC)
and allogeneic SCT for high-risk, relapsed, or refractory AML or MDS [46]. A total of 27 patients
underwent allogeneic SCT after treatment with clofarabine and cytarabine for 5 days and RIC
based on 4 Gy total body irradiation, cyclophosphamide, and anti-thymocyte globulin (ATG).
Prophylaxis of graft-versus-host disease (GvHD) consisted of cyclosporine and mycopheno‐
late mofetil. Most transplants were performed from peripheral blood stem cells and unrelated
donors. The rates of OS and RFS were 56 and 52% at 2 years, respectively. Clofarabine-based
chemotherapy followed by RIC showed good antileukemic efficacy even in patients with high-
risk AML or MDS, with engraftment and GvHD-incidence comparable to other RIC regimens.

A retrospective study was performed to evaluate the feasibility and anti-leukemic activity of
a sequential therapy using clofarabine for cytoreduction followed by conditioning for haploi‐
dentical HSCT in patients with non-remission acute leukemia [47]. Patients received clofara‐
bine (5 × 30mg/m2 i.v.) followed by a T cell replete haploidentical transplantation for AML (n 
= 15) or ALL (n = 3). Conditioning consisted of fludarabine, cyclophosphamide plus either
melphalan, total body irradiation or treosulfan/etoposide. High-dose cyclophosphamide was
administered for post-grafting immunosuppression. Neutrophil engraftment was achieved in
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83% and complete remission in 78% at day +30. The toxicity of the regimen was acceptable and
the non-relapse mortality (NRM) at 1 year was 23%. The estimated OS and RFS at 1 year from
haploidentical HSCT were 56 and 39%, respectively. The concept of a sequential therapy using
clofarabine for cytoreduction followed by haploidentical HSCT proved to be feasible and
allows successful engraftment, while providing an acceptable toxicity profile and anti-
leukemic efficacy in patients with advanced acute leukemia.

Very recently, the combination of clofarabine 30 mg/m2 and cytarabine 1 g/m2 on days 1–5
(CLARA) was tested on 84 patients with relapsed or refractory AML with median age of 61
years (range, 40–75) [48]. Patients with a donor received HSCT in aplasia after first CLARA.
In case of a prolonged donor search, HSCT was performed as soon as possible. The condition‐
ing regimen consisted of clofarabine 30 mg/m2, day -6 to -3, and melphalan 140 mg/m2 on day
-2. In patients with partially matched unrelated donors, ATG at a cumulative dose of 4.5
mg/kg was recommended. GvHD prophylaxis consisted of cyclosporine and mycophenolate
mofetil. Donors were HLA-identical siblings in eight cases (14%), HLA-compatible unrelated
donors in 30 cases (55%), and unrelated donors with one mismatch in 17 cases (31%). ORR
assessed at day 15 after start of CLARA was 80% while 31% of patients having less than 5%
BM blasts at that time. Treatment success was achieved in 61% of the patients. With a median
follow-up of 25 months, OS and leukemia-free survival (LFS) for all enrolled patients at 2 years
was 42 and 52%, respectively. At the time of enrollment, 14% of patients had a related donor
and 33% had an unrelated donor available. In 46% of the patients, donor search was initiated
at the time of enrollment. The OS at 2 years for patients with a related or an unrelated donor
available was 75 and 47%, respectively, while it was 29% for patients for whom donor search
was initiated at the time of enrollment.

2.2.1.1. Clofarabine in different conditioning regimens

Given the evidence of clinical activity of clofarabine and cytarabine in induction therapy of
AML patients, a RIC regimen containing both drugs was explored in AML and MDS patients
[49]. Seven patients were enrolled. Their median age was 54 years; three were with MDS and
four with AML. The treatment plan consisted of clofarabine 40 mg/m2 i.v. and cytarabine 1 g/
m2 i.v. both on days –6 to –2 and ATG 1 mg/kg on day –4 and 2.5 mg/kg on days –3 and –2.
The median duration of neutropenia was 14 days and that of thrombocytopenia was 22 days.
No acute GVHD was observed. Enrollment to the trial was halted due to unacceptable high
mortality. The high mortality rate was caused by the insufficiently immunosuppressive
activity of the regimen to ensure engraftment.

In order to improve the immunosuppressive activity of clofarabine and cytarabine combina‐
tion as a conditioning regimen, the addition of cyclophosphamide, busulfan, and ATG was
performed [50]. A phase 2 prospective multicenter trial aimed to assess the efficacy and safety
of a sequential conditioning regimen was conducted. Twenty-seven AML patients in primary
induction failure were included. The treatment consisted of clofarabine 30 mg/m2/d for 5 days,
cytarabine 1g/m2/d for 5 days, and after a 3 days rest, cyclophosphamide 60 mg/kg/d for 1 day,
IV busulfan 3.2 mg/kg/d for 2 days, and ATG 2.5 mg/kg/d for 2 days. For GVHD prophylaxis,
patients received cyclosporine alone in case of a family donor, and cyclosporine + mycophe‐
nolate mofetil in case of an HLA-matched unrelated donor. The cumulative incidence of
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disease progression and NRM at 1 and 2 years were 46, 59, 8, and 13%, respectively. The OS
and LFS at 1 and 2 years were 54, 37, 46, and 28%, respectively.

Clofarabine had been tested in many other combination therapies in the context of conditioning
regimens. A phase 1 trial was conducted to determine the MTD of clofarabine with high-dose
busulfan followed by allogeneic SCT in patients with high-risk and refractory acute leukemia,
most of which are with AML [51]. A total of 15 patients, median age 48 (30–58) years were
included in the study. Patients received intravenous busulfan 0.8 mg/kg every 6 h on days −6
to −3 and clofarabine 30–60 mg/m2 per day on days −6 to −2. Graft-versus-host disease
prophylaxis included sirolimus plus tacrolimus. All the patients engrafted, and the MTD was
not reached. One-year EFS and OS were 53 and 60%, respectively.

Very recently, clofarabine busulfan 4 (Clo/Bu4) conditioning regimen was compared in AML
patients with active disease with standard conditioning regimens (cytoxan/total body irradi‐
ation (Cy/TBI) or fludarabine/busulfan (Flu/Bu). The study included 16 patients whose
outcomes were compared to those of 16 historical controls. RFS at 1 year for the Clo/Bu4 and
control patients was 79 and 19%, respectively. OS in the Clo/Bu4 and control groups is 81 and
25%, respectively [52]. While more than half of the patients experienced some level of GvHD,
most cases remained mild to moderate in both acute and chronic presentations.

The addition of clofarabine to combination of fludarabine and busulfan was tested as pre-
trnsplant conditioning for advanced AML and MDS [53]. Patients were randomized between
four different arms combining different dosages of nucleoside analogs followed on each day
by busulfan infused to a specific pharmacokinetically targeted daily area under the curve.
Fifty-one patients with a median age of 45 years have been enrolled with a minimum follow-
up exceeding 100 days. The prophylaxis of GvHD consisted of tacrolimus and mini-metho‐
trexate (MTX) ± low-dose rabbit-ATG. All patients engrafted and despite that forty-one
patients had active leukemia at the time of transplant, CR was achieved in 85%. The projected
median OS was 23 months.

A phase 1 study combining escalating doses of clofarabine with high-dose melphalan as RIC
for allogeneic SCT was conducted in adult AML patients [54]. Sixteen patients with median
age of 63 years were included in the study. Two patients died during dose escalation. All other
patients demonstrated complete engraftment by day 30 with a median time to absolute
neutrophil and platelet count recovery of 14 and 16 days, respectively. Only two patients
relapsed and four patients died with a median follow-up of 17 months.

The combination of clofarabine–melphalan–alemtuzumab had been tested as a conditioning
regimen for patients with advanced hematologic malignancies phase 1–2 study [55]. No DLT
was observed in the phase 1 study and clofarabine 40 mg/m2 for 5 days, melphalan 140
mg/m2 for 1 day, and alemtuzumab 20 mg for 5 days were adopted for the phase 2 study.
Seventy two patients with a median age of 54 years were included in the study of which 44
had AML or MDS. All evaluable patients engrafted. Median neutrophil and platelet recovery
time was 10 and 18 days, respectively. At 1 year, the cumulative incidence of TRM, cumulative
incidence of relapse, OS, and PFS were 26, 29, 59, and 45%, respectively. The main toxicity in
the phase 2 study was rapid-onset renal, which was observed more frequently in older patients
and those with baseline decrease in glomerular filtration rate. In 21% of the patients treated at
the phase 2 doses was observed grade 3–5 renal toxicity.
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3. Conclusion

Clofarabine exhibits efficacy in AML patients as a single agent and in combination with other
cytotoxic drugs. Regarding older AML patients, first-line clofarabine monotherapy is associ‐
ated with similar efficacy and potentially lower induction mortality compared with intensive
chemotherapy regimens. Therefore, it may be an appropriate alternative treatment option for
older patients with decreased PS or those who are unable to tolerate an anthracycline.

Clofarabine combinations with cytarabine and idarubicine provided encouraging results in
untreated younger AML patients. Clofarabine containing induction regimens yielded an
impressive CR/CRi rate, low mortality rate, and high OS at 1 year [23,24].

Combinations of clofarabine and cytarabine as a second-line therapy have offered promising
results showing ORR ranging between 47% in elderly subjects and 61% in younger patients
[32,40,43].

Another important aspect of clofarabine implementation is the transplantation strategy – as a
cytoreductive agent for patients candidates to transplant and within conditioning regimens
[45–50,52]. Considering that in most studies clofarabine has shown a possible impact on
response rates and DFS but not on OS, one of the best possible achievements offered by this
drug could be the opportunity to bring more patients to SCT with a good disease control,
especially in subjects treated in second line [15].

These data confirm that clofarabine could be a useful option in the induction, reinduction, and
transplantation therapy of AML patients.
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Abstract

Leukemia is a type of cancer of the body’s blood-forming tissues, including the bone
marrow and the lymphatic system. Treatments for leukemia are complex, depending
upon the type of leukemia and other factors. Acute promyelocytic leukemia (APL) is
a distinct subtype of acute myeloid leukemia (AML) and accounts for approximately
10-15% of all cases of AML in adults. Arsenic and its compounds are widely distribut‐
ed in the environment and have been used medicinally for over 2,000 years. In fact,
investigators from China and the USA have demonstrated that treatment with ATO
(As2O3, AsIII) results in complete remission in 90% of relapsed APL patients since
mid-1990s. Moreover, As2S2 or As4S4, also known as realgar, has been gaining increasing
attention and is traditionally used to treat certain types of hematological disorders
including chronic myeloid leukemia (CML), AML, myelodysplastic syndrome (MDS)
and MDS/AML in China. In this chapter, we first highlight the pharmacokinetics of
ATO and realgar in leukemia patients and/or healthy volunteer. We will further
summarize the detailed mechanisms underlying the cytocidal effects of these arsenic
compounds. We also provide detailed insight into potential future clinical applica‐
tion of those promising candidates endowed with potent antitumor activities in view
of combination with arsenic compounds.

Keywords: leukemia, arsenic trioxide, realgar, combination therapy, naturally de‐
rived substances
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1. Introduction

Leukemia is a type of cancer of the body’s blood-forming tissues, including the bone marrow
(BM) and the lymphatic system. Treatments for leukemia are complex, depending on the type
of leukemia and other factors. At present, treatment may include some combination of
chemotherapy, radiation therapy, targeted therapy, and hematopoietic stem cell transplanta‐
tion, in addition to supportive care and palliative care as needed.

Acute promyelocytic leukemia (APL) is a distinct subtype of acute myeloid leukemia (AML)
and accounts for approximately 10–15% of all cases of AML in adults. Morphologically, it is
identified as AML–M3 by the French–American–British classification. Cytogenetically, APL is
characterized by a balanced reciprocal translocation between chromosomes 15 and 17,
generating a promyelocytic leukemia (PML)/retinoic acid receptor α (RARα) fusion gene,
which is thought to play a central role in the initiation of leukemogenesis [1–4]. The oncogenic
fusion protein PML-RARα has been demonstrated to recruit corepressor (CoR) complexes
containing nuclear receptor CoRs, histone deacetylases (HDACs), resulting in myeloid
differentiation arrest observed in APL [5, 6]. An introduction of all-trans retinoic acid (ATRA)
since 1986 has dramatically improved the outcome of treatment of this disease [5]. It has been
reported that ATRA induces differentiation of APL cells through not only dissociating CoRs
from the PML-RARα oncoprotein but also recruiting coactivators that possess histone
acetylase activity [5–7]. For detailed mechanisms underlying the efficacy of ATRA, please refer
to some excellent research and review articles [6, 8–11]. In fact, in 90% of de novo APL patients,
administration of ATRA induces differentiation of leukemic blasts and clinical remission, and
70% of them have been cured by ATRA administration in combination with chemotherapy [4,
6, 12]. Due to its good clinical outcomes, ATRA is used as a first-line administration for de
novo APL patients. Nevertheless, the remaining 30% of patients relapse and often become
resistant to this conventional treatment [4, 6, 12].

Arsenic and its compounds are widely distributed in the environment and exist in organic and
inorganic forms. There are three inorganic forms of arsenic: yellow arsenic (As2S3, also known
as orpiment and Cihuang “female yellow” in China); red arsenic (As2S2 or As4S4, also known
as realgar and Xionghuang“male yellow” in China); and white arsenic or ATO (As2O3, AsIII),
which is made by burning realgar or orpiment [6]. Although a well-known poison, arsenic has
been used medicinally for over 2 000 years. Since the mid-1990s, investigators from China and
the USA have demonstrated that treatment with ATO results in complete remission in 90% of
relapsed APL patients [4, 13–15]. From then on, a dramatic clinical efficacy of ATO-based
regimens against APL has been reported around the world. An impressive drug efficacy
against APL led to its approval in the USA and in Europe under the brand name Trisenox for
“the induction of remission and consolidation in patients with APL whose conditions are
refractory to, or who have relapsed from retinoid and anthracycline chemotherapy, and whose
APL is characterized by the presence of the t(15:17) translocation or PML-RARα gene expres‐
sion” [13]. Moreover, As2S2 as another important arsenic compound has been gaining increas‐
ing attention and traditionally used to treat certain types of hematological disorders, including
chronic myeloid leukemia (CML), AML, myelodysplastic syndrome (MDS) and MDS/AML in
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China [16–18]. Although realgar has not yet been approved by the U.S. Food and Drug
Administration (FDA) and other major countries for clinical use, it has become another
research for focus following ATO due to its good therapeutic efficacy and perceived low
toxicity [19, 20].

In this chapter, we first highlight the pharmacokinetics of ATO and realgar in leukemia patients
and/or a healthy volunteer. We will further summarize the detailed mechanisms underlying
the cytocidal effects of these arsenic compounds. We also provide detailed insight into
potential future clinical applications of those promising candidates endowed with potent
antitumor activities in view of combination with arsenic compounds.

2. Pharmacokinetics of arsenic compounds in leukemia patients

2.1. Pharmacokinetic studies of ATO in Peripheral Blood (PB)

It has been established that biomethylation, which primarily occurred in the liver [21, 22], is a
major metabolic pathway for inorganic arsenic in human and many animal species [23], by
which arsenic undergoes metabolic conversion by the reduction of AsV to AsIII with subsequent
methylation, yielding monomethylated and dimethylated metabolites [24, 25]. A postulated
metabolic pathway is as follows: AsV → AsIII → methylarsonic acid (MAsV) → methylarsonous
acid (MAsIII) → dimethylarsinic acid (DMAsV) → dimethylarsinous acid (DMAsIII) (Figure 1).
It has been demonstrated that, following arsenic exposure, 40–60% of arsenic intake is
eliminated through urine. The standard profile of urinary arsenic in human is comprised of
10–30% inorganic arsenic, 10–20% monomethylated arsenic (MAs: MAIII + MAV), and 60–80%
dimethylated arsenic (DMAs: DMAIII + DMAV) [26, 27].

Figure 1. Postulated pathways of the biotransformation of arsenic in mammalian systems. Biomethylation, which pri‐
marily occurs in the liver, is a major metabolic pathway for inorganic arsenic in human and many animal species. In
human, dimethylarsinous acid (DMAsIII) and dimethylarsinic acid (DMAsV) appear to be the end products of this path‐
way [133]. In the pathway, arsenate reductases, such as the omega isoform of glutathione S-transferase (GSTO) and
purine nucleoside phosphorylase (PNP), catalyse the reduction of arsenate species [4, 22]. Human arsenic (+ 3 oxida‐
tion state) methyltransferase (AS3MT) catalyse the methylation of arsenite [4, 22]. S-adenosylmethionine (SAM) is the
methyl donor [4, 22].

In order to provide an effective treatment protocol for individual APL patients, detailed studies
have been conducted on the pharmacokinetics of AsIII in APL patients using biological samples
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such as peripheral blood (PB), cerebrospinal fluid (CSF), BM, and urine [14, 28–31]. Compared
with a limited understanding of metabolic profiles of realgar and its pharmacokinetics, many
detailed systematic analyses of the metabolites of ATO in blood cells and plasma of APL
patients have been performed. In this regard, by using high-performance liquid chromatog‐
raphy (HPLC)/inductively coupled plasma mass spectrometry (ICP-MS), we have conducted
studies on the total arsenic and speciation of ATO metabolites in an APL patient when 0.15
mg/kg/day was infused. Blood samples were obtained from the patient at various time points
after remission induction therapy and during consolidation therapy [31]. Of note, biological
samples, such as blood and urine, contain much higher concentrations of chloride ion, which
interferes with arsenic detection at m/z 75 due to the formation of argon chloride (40Ar35Cl+: m/
z 75) in argon plasma [28, 32]. Therefore, arsenic was detected as the adduct ion of 75As16O+ (m/
z 91), which is produced by the oxidization of arsenic in the oxygen atmosphere with the
dynamic reaction cell techniques [31].

We first demonstrated that, in all blood samples collected either after the remission induction
therapy or during the consolidation therapy, approximately 80–90% of the total arsenic in the
blood samples was observed in the blood cells, suggesting that most of the blood arsenic is
bound to hemoglobin [31]. These results are in good agreement with a previous report showing
that 90% of blood arsenic is bound to hemoglobin [33]. These findings suggest that careful
attention should be paid to profiles of total arsenic in blood cells and consequently provide
valuable insight into clinical applications of AsIII. We further clarified that, during the drug
withdraw period, the amount of AsV in plasma was more readily eliminated among all arsenic
metabolites [31], as reported by other groups [32, 34]. We also demonstrated that AsIII

concentrations in plasma initially declined more quickly than those of MAsV and DMAsV [31].
These results suggest that methylated metabolites (MAsV and DMAsV) are major metabolites
in plasma and are similar to those reported by other groups [23–25]. Furthermore, we dem‐
onstrated that the concentrations of methylated metabolites (MAsV and DMAsV) as well as
inorganic arsenic (AsIII and AsV) in plasma increased with multiple administration during the
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relapse [28]. In contrast, the patient in our study was in the first relapse [31]. Although the
exact reason for the above-mentioned apparent differences in the profiles of the concentrations
of inorganic arsenic (AsIII and AsV) in the plasma of APL patients is not clear, the differences
in patient characteristics may explain the discrepancy in the concentrations of inorganic
arsenic. These results also suggest that understanding the differences in metabolism among
patients is very useful for providing an effective treatment protocol for individual patients
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Although the central nervous system (CNS) relapse of APL occurs in 1–5% of patients, the
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demonstrated that ATO seems to be capable of crossing the blood–brain barrier in humans
and can be considered as an effective treatment strategy for the CNS relapse of APL [37–40].
We have recently determined the total arsenic and speciation of ATO metabolites in the CSF
and PB plasma samples from three patients with APL who were treated with intravenous ATO
as salvage therapy [0.15 mg/kg/day ATO + intrathecal chemotherapy (methotrexate + cytosine
arabinoside + prednisolone)] [29]. In this study, PB was collected before and after the infusion,
and the CSF was collected after the infusion, respectively. Furthermore, in order to prepare
samples for arsenic speciation, the PB plasma was ultrafiltered with a 10-kDa molecular mass
cutoff. The filtrates were thus defined as low-molecular-weight fraction (LMW-F) and
subjected to arsenic speciation analysis. The remains trapped in filters were defined as high-
molecular-weight fraction (HMW-F) and subjected to total arsenic determination [29]. We first
demonstrated that not only inorganic arsenic (AsIII and AsV) but also methylated arsenic
metabolites (MAsV and DMAsV) existed in the CSF and that the total CSF arsenic concentrations
ranged from 148 nM to 250 nM (mean: 199 nM) [29]. It has been demonstrated that ATO exerts
a dual effect on APL cells; that is, ATO induces apoptosis at relatively high concentrations,
ranging from 1 μM to 2 μM, whereas trends to promote differentiation of APL cells at low
concentrations range from 0.1 μM to 0.5 μM [4, 6, 41]. Therefore, the beneficial effects of arsenic
on the CNS relapse of APL patients might be attributed to its differentiation induction, rather
than apoptosis induction. Furthermore, we found that the total PB plasma arsenic concentra‐
tion is about twice of the sum of the amount of each arsenic metabolite present in LMW-F [29].
We also demonstrated that the total arsenic concentration in HMW-F accounted for approxi‐
mately 50% of the total PB plasma arsenic concentration, suggesting that considerable amounts
of arsenic species exist in clinical samples as a protein-bound complex.

Similar to previous reports showing that arsenic concentrations in the CSF were about 10% of
those in whole blood or plasma [38, 40], we also demonstrated that the arsenic concentrations
of the CSF were 8–17% of the plasma levels [29]. Taken together, it is possible to use a combi‐
nation of arsenic with other chemotherapeutics to achieve a favorable clinical outcome in APL
patients with CNS relapse, although a further larger scale randomized study must be con‐
ducted to reach a firm conclusion. It is noteworthy that Meng et al. have developed a non-
invasive method via a concomitant with 20% mannitol intravenous bolus injection to help ATO
enter into the CNS [42]. Their regimens include 125 ml of 20% mannitol bolus through the
medial cubital vein at the rate of 12 ± 30 ml/min, followed with 250 ml of mixed solution
(including 20% mannitol and ATO 0.08 mg/kg/day) through intravenous infusion at the rate
of 6 ml/min, followed by ATO 0.08 mg/kg/day + 5% glucose 250-ml infusion at the rate of 0.5
ml/min in the total dosage of ATO (0.16 mg/kg/day) [42]. Compared with the general ATO
intravenous infusion, the mannitol-assisted ATO penetration followed by the slow-speed
continuous ATO intravenous infusion can not only increase the elemental arsenic concentra‐
tion in the CNS but also keep the plasma arsenic at prolonged effective therapeutic levels
without remarkable plasma arsenic peak. Therefore, the non-invasive method was supposed
to be more beneficial to the CNS relapse of APL and increase the prevention and treatment
efficiency of APL marrow relapse, as well as less side effects to normal tissues [42]. The same
group has recently extended the application of the non-invasive method to additional patients
[43]. They demonstrated that, in 16 of the 17 patients examined, abnormal blasts/promyelo‐
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cytes from the CSF were eliminated in 18 to 32 days (median: 24 days) after the start of induction
treatment and that all the patients tolerated the induction well. Importantly, there were no
complaints of side effects associated with the use of mannitol [43]. Of note, over the course of
the entire induction treatment process, the concentrations of arsenic in the blood and CSF were
fairly stable in each patient. For each individual, the arsenic level in the CSF was ~99.7% of
those in the paired blood samples, although the arsenic levels in different individuals were
highly variable in the blood and CSF [43].

2.3. Pharmacokinetic studies of ATO in the BM

Although an initial report demonstrated that the total arsenic concentrations in the plasma of
a BM sample from five relapsed APL patients were close to levels for differentiation induction,
the analysis was conducted for the BM sample collected at only one collection time point [44].
Moreover, despite the fact that BM is a vital site for regulating the production of blood cells,
no speciation analysis of arsenicals in the BM from APL patients undergoing long-term
administration of ATO has been done before. In this regard, in order to gain more detailed
information on the distribution of arsenic, we have recently investigated, for the first time, the
arsenic speciation in the plasma of the BM and compared the arsenic speciation profiles
between the PB and BM collected before and after the start of administration of 0.15-
mg/kg/day ATO [30]. In this study, we first demonstrated a time-dependent increase of the
total arsenic concentrations in the BM plasma, which was similar to that in the PB plasma.
Furthermore, the total arsenic concentration levels tended to be higher in the BM plasma than
those in the PB plasma, raising clinical concerns and inspiring us to unravel the detailed
information on the distribution of arsenic as well as its speciation in these biological samples
[30]. In this study, the concentrations of MAsV and DMAsV substantially increased after the
start of administration, whereas those of AsIII were still kept at a low level until day 10, followed
by a substantial increase from day 14 after the start of administration. As mentioned in Section
2.1, we have previously demonstrated that the PB plasma concentrations of both methylated
arsenic metabolites (MAsV and DMAsV) and inorganic arsenic (AsIII and AsV) remarkably
increased after the start of administration in a Japanese APL patient undergoing consolidation
therapy [31]. Compared with the APL patient in our previous study [31], the patient enrolled
in this study appeared to have relatively higher metabolic efficiency, probably due to her
relatively young age or without clinical complications. Collectively, our findings suggest that
the efficiency of drug metabolism is obviously different in individual patients with different
backgrounds, such as age range, with or without organ failure or disseminated intravascular
coagulation (DIC), which, in turn, affect clinical outcomes and appearance of side effects. Of
note, a close similarity of the arsenic speciation profiles between the PB and BM plasma was
observed throughout the remission induction therapy, suggesting for the first time that the
arsenic speciation analysis of the PB plasma could be predicative for BM speciation without
applying BM aspiration [30]. Investigation of the total amount of arsenic in HMW-F trapped
in a 10-kDa molecular mass cutoff filters further demonstrated that arsenic concentrations were
much higher in the BM plasma than those in the PB plasma. One important biological effect
of arsenic has been suggested to be mediated by reaction with closely spaced cysteine residues
on a critical cell protein [45]. Several proteins such as tubulin, thioredoxin reductase, human
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arsenic methyltransferase (AS3MT, responsible for arsenic methylation) with a high cysteine
content, and accessible thiol group are candidates for interactions with arsenic [4, 46]. In fact,
arsenic bound to high molecular weight proteins (MW > 10-kDa) has been detected in livers
and kidneys in rats after an intravenous injection of arsenite [47]. In view of the vital role of
the BM microenvironment in maintaining the homeostasis of hematopoietic system, we
assumed that a higher amount of proteins (MW > 10-KDa)-bound arsenic complex contributes
to the protection effect from the attack of free arsenic species. Likewise, patients with low-
proteinemia besides liver and/or renal dysfunctions might frequently develop arsenic-
mediated side effects. Understandably, further investigation of the detailed information about
these proteins is needed.

2.4. Pharmacokinetic studies of ATO in urine

The pharmacokinetic studies in APL patients have been well discussed by using urine samples
[14, 28, 32, 48]. Previous studies on urinary arsenic excretion profiles demonstrated that there
are large variations among individual patients with regard to the arsenic metabolic profiles
and excretion patterns. For instance, an initial study demonstrated that urinary arsenic
contents slightly increased during drug administration and the total amounts of arsenic
excreted daily into the urine accounted for approximately 1–8% of the daily dose [14].
However, a previous report revealed that the mean total arsenic excretion rate including
inorganic arsenic and methylated arsenic was about 20% of the daily dose on day 1 and
remained at about 60% of the daily dose during subsequent weeks [28]. A clinical pharmaco‐
kinetic study performed in an APL patient showed that, in the urine sample collected for 24 h
after administration of ATO, the total amount of inorganic arsenic and the methylated
metabolites was almost 30% more of the daily dose [32]. Furthermore, Wang et al. [48] have
demonstrated that there is an interindividual difference in excretion profiles and the relative
concentrations of major arsenic species in the urine among four Chinese APL patients under‐
going ATO treatment. In addition, other pathways of excretion, such as through the bile, have
also been suggested to play a partial role in the elimination of arsenic [14, 48]. Therefore,
systematic monitoring of the speciation of arsenic compounds in not only urine samples but
also other biological samples such as the PB plasma has important implications for achieving
favorable outcomes and minimizing side effects in leukemia patients treated with arsenic-
based regimens.

2.5. Pharmacokinetic studies of realgar in leukemia patients as well as a healthy volunteer

Realgar has been widely used clinically in China [17, 18]. Moreover, an As2S2-containing
formula, Qinghuang powder (QHP), was used as a folk medicine recorded in a famous
traditional Chinese medicine (TCM) book, Shi Yi De Xiao Fang, published in 1345. Despite
this, the systematic study on metabolic profiles of realgar and its pharmacokinetics have not
yet been fully investigated. Compared with intravenous administration of ATO, oral admin‐
istration of realgar is advantageous and would be more suitable for consolidation and
maintenance therapy and consequently make better patient compliance and quality of life [16].
In this regard, Lu and colleagues designed a pilot study in which 129 APL patients with
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different disease stages were enrolled and received oral administration of highly purified
crystalline realgar (As4S4) [19]. In this pilot study, encouraging responses such as high complete
remission rate, long disease-free survival period, and tolerable side effects after oral adminis‐
tration of realgar alone were observed [19]. Furthermore, clinical pharmacokinetic studies on
seven volunteers with APL and hematologic complete remission (HCR) by using 60 mg/kg
oral As4S4 in a single dose demonstrated that arsenic could be detected in the blood 30 min
after oral administration of As4S4. The peak time (Tpeak) was 3.4 ± 1.4 h, and the maximum
concentration (Cmax) was 24.9 ± 8.0 μg/l. As expected, there was a wide interpatient variation
in area under the concentration–time curve (AUC0-infinity) (899.01 ± 705.64 μg/h per liter) and
elimination half-life (t1/2) (30.1 ± 11.1 h). These pharmacokinetic data revealed that rapid
absorption of arsenic occurred after oral administration of As4S4 [19]. In addition, most urinary
arsenic excretion occurred within the first 24 h. Measurement of blood arsenic levels in eight
patients who were given oral As4S4 at a dosage of 50 mg/kg/day for 2 weeks followed by a
break of 2 weeks during the first year of treatment demonstrated that blood arsenic levels
declined during the drug withdraw period [19]. Arsenic concentrations in plasma and red cells
were also measured in five patients with newly diagnosed APL and showed that the red-cell
arsenic level was approximately two times higher than the plasma level, similar to the findings
observed in an APL patient treated with ATO. Similar to the behavior of blood arsenic levels,
urinary arsenic levels also quickly declined after discontinuation of As4S4. Of note, the arsenic
level in the CSF in nine patients on the 10th day of treatment was 5.6–14.6 μg/l, a level similar
to that in plasma, indicated that oral As4S4 is capable of penetrating into the CSF, suggesting
the usefulness of As4S4 for the CNS relapse of APL [19]. These previous findings suggested
that As4S4 treatment alone is highly effective and safe in both remission induction and
maintenance therapy in patients with APL, regardless of disease stage.

Recently, the therapeutic effects of QHP have been evaluated in MDS patients with different
karyotypes, including normal karyotype, trisomy 8 karyotype, and other cytogenetic abnor‐
malities after receiving one to two 3-month courses of oral administration of QHP (containing
realgar 0.16 g/capsule/day). Furthermore, the PB samples were collected 10–12 h after inges‐
tion, and the total arsenic concentrations in the PB or PB plasma were determined using HPLC/
ICP-MS. A positive correlation was found between the efficacy of QHP and total arsenic
concentrations in the PB, but not in the PB plasma. Compared with patients with other
cytogenetic abnormalities, much better clinical efficacy was observed in patients with normal
or trisomy 8 karyotype, in agreement with our previous findings [49]. Surprisingly, no
significant difference in the total arsenic concentrations in the PB was observed between the
high-efficacy groups (patients with normal or trisomy 8 karyotype) and low-efficacy groups
(patients with other cytogenetic abnormalities). Furthermore, no correlation between total
arsenic concentrations in the PB or PB plasma and administration period was found in the
study, suggesting that realgar might have a relatively low absorption/accumulation rate.
Interestingly, compared with patients who did not receive oral administration of QHP, no
apparent alteration in the mitochondria membrane potential (ΔΨm) was found in primary
blasts from the BM in patients treated with QHP. Moreover, among 28 patients treated with
QHP, no correlation between ΔΨm and total arsenic concentrations in the PB was observed,
suggesting that the mitochondria might not be the main target for QHP, although further
detailed studies are obviously needed.
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Currently, as much as 49 items among approximately 500 TCMs contain realgar [16]. Further‐
more, there are 22 registered oral formulae containing realgar in the Chinese Pharmacopoeia
2010, which account for nearly 50% of the 49 realgar-containing formulae listed in the Phar‐
macopoeia [16]. Since TCM has been evolved and developed through long-term historical
clinical practice, many TCMs are available over the counter. However, the lack of scientific
evidence, especially in pharmacokinetics, results in a difficulty in its clinical application. In
this regard, Koch and colleagues investigated the bioaccessibility (a surrogate measurement
for bioavailability) and excretion of Niu Huang Jie Du Pain (translated as cow bezoar detoxifying
pills), one of the most commonly used over-the-counter TCMs containing about 7% of arsenic
in the form of realgar [50]. Analysis of the amount of arsenic available for absorption using
three different bioaccessibility methods demonstrated that, although the total arsenic exist as
high as 28 mg in a single pill, only 4% of it was available for absorption into the bloodstream
(1 mg of arsenic per pill), suggesting that the bioaccessibility of realgar is very poor [50]. In
fact, the poor bioaccessibility and/or bioavailability of realgar has also been reported by other
researchers [51, 52]. Therefore, these observations raise the possibility that mild toxicity of the
clinical application of realgar reported might be attributed to poor bioaccessibility and/or
bioavailability, rather than its low toxic nature. Obviously, in order to draw a firm conclusion,
more detailed studies are needed.

Koch and colleagues also evaluated arsenic concentrations and their speciation in urinary
samples collected from a volunteer aged 70 years before and after ingestion of one pill of Niu
Huang Jie Du Pain. [50]. The maximum value of the total arsenic species excreted after the
ingestion of the one pill appeared approximately 14 h after ingestion, and methylated arsenic
metabolites (MAsV and DMAsV) were the predominant species. The proportion of methylated
arsenic metabolites in all arsenical species are in total agreement with previous arsenic
metabolic profiles observed in other clinical samples, including the PB plasma, the CSF, and
BM obtained from APL patients undergoing ATO treatment [4, 29–31], and healthy individuals
who have drunk water containing inorganic arsenic [26, 27], reconfirming that biomethylation
is a major detoxification pathway for inorganic arsenicals, regardless of different forms of
arsenic. Interestingly, compared with previous findings showing that MAsIII and DMAsIII have
been detected in the urine of APL patients undergoing ATO treatment [48] and healthy
individuals who have drunk water containing inorganic arsenic [25, 53], no traces of MAsIII

and DMAsIII were detected in the urine collected at any time after ingestion of one pill of Niu
Huang Jie Du Pain, although two different HPLC/ICP-MS conditions, which were certified as
the optimal condition for distinguishing MAsIII and DMAsIII from other arsenic species, were
used [50]. It is important to note that there should be some differences in metabolic profiles
between taking a single dose or multiple doses. Since the aforementioned sampling of the urine
was from a single individual who just took only one dose of Niu Huang Jie Du Pain, further
research is desirable to study the more realistic exposure of multiple chronic doses, as well as
to include more individuals to gain more statistical strength for populations consuming these
medicines [50].

Due to the poor bioaccessibility and/or bioavailability of realgar mentioned above, realgar
nanoparticles (NPs) were designed to improve its pharmacological and toxicological profiles
[16]. It has been demonstrated that, compared with commercially used coarse realgar powder,
realgar NPs with a size less than 200 nm prepared even by different methods show much higher
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efficiency in cytotoxicity associated with apoptosis induction and differentiation induction in
leukemic cells such as HL-60 and U937 [54–57]. Although the detailed pharmacokinetic studies
on realgar NPs have not yet been investigated in human beings, an in vivo bioavailability of
realgar NPs prepared by cryo-grinding with polyvinylpyrrolidone (PVP) and/or SDS was
evaluated in rats [58]. In this study, a remarkable increase in the urinary recovery of arsenic
was observed in rats after a single oral administration of the cryo-ground realgar particle
suspension. A range of 58.5–69.6% of the administered dose of arsenic was recovered in urine
in the first 48 h from the PVP and/or SDS co-ground preparations; whereas the original realgar
powder gave a urinary recovery of only 24.9%, suggesting that size reduction of realgar
particles to nano levels could substantially enhance their bioavailability [58]. Furthermore, the
cytotoxicity of the realgar NPs to human gynecological cell lines such as GI80-13S, Hela cells
was comparable with the ATO observed previously [58]. Interestingly, realgar NPs were also
found to be successfully delivered by transdermal administration, which gave more thera‐
peutic efficiency than intraperitoneal administration in a model of treating melanoma skin
tumor-bearing C57BL/6 mice, raising the possibility of its new clinical use [59].

It is well known that, besides administration of arsenic to patients in clinical practice, arsenic
can also enter the body through food chains. The most common exposure to high levels of
arsenic in food is through marine products in the form of arsenobetaine or plant products in
the form of various arsenosugars [4]. Arsenobetaine, a trimethylarsenic compound, is one of
the major organic arsenic in seafood and is not produced by the metabolism of AsIII in human
[34, 60]. Once arsenobetaine is ingested during periods of arsenic-based therapy, it will be
excreted from the body in the same form and consequently interrupt the accuracy of evaluation
of the pharmacokinetics of arsenic species. Therefore, controlling the daily diet, in particular
seafood, during the periods of remission induction therapy and/or consolidation therapy is
very important to accurately monitor the metabolic profiles of arsenic.

3. Mechanisms underlying the cytocidal effects of arsenic compounds

3.1. Involvement of oxidative stress in arsenic-mediated apoptosis induction

The remarkable clinical results achieved with ATO and realgar in relapsed as well as newly
diagnosed APL patients have promoted investigations to determine the mechanisms under‐
lying their activity. Accumulating evidence has shown that ATO exerts dose-dependent dual
effects in APL cells such as NB4, with preferential apoptosis at relatively high concentrations
ranging from 0.5 μM to 2.0 μM and partial differentiation at relatively low concentrations
ranging from 0.1 to 0.5 μM [4, 61, 62]. The apoptosis-inducing effect is primarily associated
with the mitochondrial-mediated intrinsic apoptotic pathway, whereas the extrinsic pathway
through death receptors, such as the tumor necrosis factor receptor (TNFR) and Fas, have also
been reported to be implicated in ATO-induced apoptosis in human leukemia, lymphoma, as
well as glioma cell lines [63–65]. Moreover, a third pathway involving endoplasmic reticulum
and caspase-12 has been reported to associate with ATO-mediated apoptosis in the chronic
myeloid leukemia cell line K562 [66].
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It has become clear that oxidative damage is one of the main mechanisms by which arsenic
induces apoptosis [4, 6, 55, 61, 62, 67]. This idea is consistent with the binding capacity of
arsenite to adjacent sulfhydryl (SH) groups present in many vital biomolecules [4, 6, 61, 62,
67] and also strongly supported by clinical data that levels of 8-hydroxy-2’-deoxyguanosine
(8-OH-dGuo), one of the most abundant oxidative products of DNA, are increased in plasma
from APL patients after remission induction and consolidation therapy with ATO [68]. Similar
to ATO, realgar NPs also caused elevated urinary 8-OH-dGuo excretion in rats from day 1
after oral administration [69]. ATO has been demonstrated to disrupt mitochondrial respira‐
tion through blockading of electron flow at complex III and IV to elevate the generation of
oxygen free radicals [70]. It has also been reported that reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-derived reactive oxygen species (ROS) are respon‐
sible for the susceptibility to arsenic cytotoxicity in leukemia cells [71, 72]. Furthermore,
downregulation of the ROS elimination system, comprising glutathione (GSH), thioredoxin,
and anti-oxidative enzymes including superoxide dismutase (SOD), catalase, as well as
glutathione peroxidase (GPx), has been reported to be involved in cytocidal effects of arsenic
compounds [73–78]. In line with these findings, GPx inhibitors such as mercaptosuccinic acid
[79], catalase inhibitors such as 3-amino-1,2,4-trizaole [79], and SOD inhibitors such as 2-
methoxyestradiol have been reported to potentiate the apoptosis-inducing activity of arsenic
in NB4 cells as well as primary leukemia cells from patients with chronic lymphocytic leukemia
[70, 73, 80]. Collectively, through not only enhancing the ROS production system but also
impairing the ROS elimination system, arsenic compounds are able to induce intracellular ROS
accumulation, which, in turn, activates apoptotic pathways in hematological cell lines
including the APL cell line [41, 73, 74, 81–84].

3.2. Differentiation induction

In vitro and in vivo studies have demonstrated that a low-dose of ATO (0.1 ~ 0.5 μM) induces
differentiation of NB4, a human APL cell line with t(15;17), as well as fresh APL cells [15, 81,
85]. Morphological changes such as condensation of chromatin, lobulation of nuclei, and the
expression profiling of surface markers have been used as markers of the differentiation of
APL cells [15, 81, 85]. Consistent with previous findings, we have recently demonstrated that
0.125 μM ATO also induced differentiation in HT93A cells, another t(15;17)-positive APL cell
line established from the peripheral blood of a patient with APL [86], as evidenced by the
appearance of jelly-bean-shaped nuclei in almost all cells, accompanied by a significant
increase in CD11c and CD15 expression [87]. Furthermore, we demonstrated that As2S2

induced granulocyte differentiation in HL-60 cells, as evidenced by the increment in CD11b
expression, in which oxidative stress associated with GSH depletion and p38 mitogen-
activated protein kinase (MAPK) activation was involved [77, 84]. More interestingly, we have
recently found that treatment with As2S2 induced erythroid differentiation in F36p, derived
from MDS/AML, and HL-60 cells, as evidenced by a dose-dependent increase in the expression
level of CD235a, a marker for the detection of the erythroid cell lineage [88, 89]. We further
demonstrated that, although the alteration in the expression level of phosphorylated and total
p38 MAPK was observed to some extent in parallel with As2S2-induced erythroid differentia‐
tion, no alteration was observed in the expression level of CD235a, regardless of the presence
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or absence of SB203580, a specific inhibitor for p38 MAPK, suggesting that p38 MAPK plays a
small role in As2S2-induced erythroid differentiation in HL-60 cells [89]. Therefore, our findings
suggest that p38 MAPK plays a critical role in As2S2-induced differentiation into granulocytes,
rather than erythroid differentiation.

It has been demonstrated that higher DNA methylation levels at a few CpG sites in some
erythroid specific genes correlated with a decreased erythroid differentiation capacity of K562
cells, which has been proposed as a very useful in vitro model system for studying erythroid
differentiation [90, 91]. We have recently evaluate the effects of the As2S2-containing Chinese
herbal formula QHP on the genomic methylation level in primarily diagnosed MDS patients
[49], since MDS patients, especially those with high-risk MDS, have been reported to possess
abnormal hypermethylation in tumor suppressor genes [92]. In this study, global DNA
methylation detection (ChIP-on-chip assays) demonstrated that the number of hypermethy‐
lated genes decreased from 1,063 to 75 and that the methylated genes involved in multicellular
organismal development, signal transduction, and apoptosis were demethylated after
treatment with QHP [49]. We thus suggest that demethylation status, which might be resulted
from As2S2 treatment, attributed to the above-mentioned erythroid differentiation of F36 and
HL-60 cells, although further investigation of a correlation between erythroid differentiation
and As2S2-triggered demethylation in these cells is needed to draw a more conclusive idea.
Collectively, our findings provide a conceptual basis for the establishment of clinical protocols
of As2S2 for the treatment of hematological disorders, in particular MDS and MDS/AML.

3.3. Degradation of PML-RARα

It is no doubt that PML-RARα plays a central role in the initiation of leukemogenesis, although
there is evidence to suggest that the fusion gene expression is not the sole genetic event
required for the development of APL [4–6]. It has been clarified that arsenic-mediated
modulation/degradation of the PML-RARα oncoprotein is one of the major mechanisms
responsible for the efficacy of arsenic compounds in APL [4–6, 93]. Furthermore, the PML
moiety, but not the RARα moiety, of the PML-RARα chimera represents the target for arsenic
treatment [6, 61]. It has been clarified that both PML and PML-RARα form high-molecular-
weight conjugates with a small ubiquitin-related modifier (SUMO)-1 and are recruited from
the nucleoplasm to the nuclear body (NB), followed by ubiquitin-mediated proteolysis [94–
96]. Degradation of PML-RARα is closely associated with differentiation, growth inhibition
associated with the induction of apoptosis, as well as cell cycle arrest in APL cells treated with
arsenic compounds [4–6, 93]. In addition, degradation of the PML-RARα protein associated
with its redistribution was also reported in fresh APL cells obtained from the PB and BM of
APL patients after treatment with As4S4 [97]. More intriguingly, Tian and colleagues have
recently investigated the effects of As4S4 on RA-resistant human APL NB4-R1 cells and found
that treatment with As4S4 induced apoptosis in cells through the downregulation of expression
of the SET gene, which is a natural inhibitor for protein phosphatase 2 (PP2A), a pro-apoptotic
protein [93]. They further demonstrated that the addition of As4S4 strengthened the SET RNAi-
induced upregulation of PP2A and the downregulation of PML-RARα, suggesting that As4S4

induces apoptosis through the downregulation of the SET protein expression, which, in turn,
increases PP2A expression and reduces PML-RARα expression, consequently leading to the
apoptosis of NB4-R1 cells [93].
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4. Potential combination therapies with arsenic compounds

An extensive body of literature has clearly demonstrated superiority in treating APL simul‐
taneously with ATO and ATRA [4–6, 61, 98]. It has been demonstrated that ATRA synergizes
ATO activity to provide superior efficacy of combination therapy in patients by promoting the
effects of ATO on several signaling pathways such as apoptosis induction, differentiation, as
well as the degradation of PML-RARα [4–6]. In this regard, we have recently investigated the
effects of ATO, ATRA, and the granulocyte colony-stimulating factor (G-CSF), alone or in
combination, on the APL cell line HT93A by focusing on differentiation, growth inhibition, as
well as arsenic uptake [87]. Our experimental data demonstrated that ATRA induced greater
differentiation in cells than ATO and that G-CSF promoted differentiation-inducing activities
of both ATO and ATRA [87]. Similar to a previous report showing that ATRA induced
aquaporin-9 (AQP-9), which is a member of the aquaporin superfamily and proposed to be
responsible for arsenic uptake [99–101], in HL-60 cells, we also demonstrated that ATRA
induced AQP9 expression in a time- and dose-dependent manner in HT93A cells [87].
However, probably due to its cytotoxicity, treatment with 1 μM ATRA decreased arsenic
uptake compared with the control subject. Interestingly, the addition of G-CSF recovered the
reduced arsenic uptake to the same level as that in controls by increasing the number of viable
cells, although G-CSF itself did not affect the expression levels of AQP9 [87]. Collectively, our
results indicate that G-CSF not only promotes differentiation-inducing activities of both ATRA
and ATO but also makes APL cells vulnerable to increased arsenic uptake, providing new
insight into combination therapy using these three agents for the treatment of APL.

Since HDACs play a key role in the transcriptional regulation and pathogenesis of cancer [102,
103], its inhibitors (HDACi) are currently being developed for the therapy of several types of
cancer, including leukemia [104]. Furthermore, aberrant recruitment of HDACs through the
expression of PML-RARα has been implicated as an initiating tumorigenic event in APL [5–
7]. Based on these previous findings, we hypothesized that treatment with ATRA in combi‐
nation with HDACi could provide therapeutic benefit for patients with APL. In this regard,
we investigated the effects of ATRA and valproic acid (VPA), alone and in combination, on
the NB4 cells in view of differentiation induction and growth inhibition [105], since VPA is a
member of class I HDACi and has shown potential anti-leukemic activities either alone or in
combination with other anti-leukemic agents [102, 103, 106, 107]. In this study, we demon‐
strated that not only ATRA but also VPA induced differentiation in NB4 cells, and their
combination further augmented the differentiation activity [105]. We further demonstrated
that the upregulation of transcription factors, including CCAAT/enhancer-binding proteins
(CEBPα, β, ε) and PU.1, which are known to be critical factors for normal myelopoiesis,
granulocytic maturation, and being repressed in APL, concurred with the differentiation
induction [105]. Given the importance of CEBPs and PU.1 in myeloid development, our results
thus suggest that restoration of the normal function of the myeloid cell transcriptional
machinery is a major molecular mechanism underlying the differentiation induction in NB4
cells [105]. It has been suggested that ATO/ATRA degrades the PML-RARα oncoprotein,
resulting in the eradication of leukemia-initiating cells [108, 109]. Therefore, as a new thera‐
peutic approach, a multi-target therapy based on a combination of ATRA, ATO, and VPA
would be useful and worth evaluating further for its beneficial clinical effects.
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Although advances in science and technology have replaced raw herbs and/or herbal com‐
pounds with powerful synthetic drugs, including molecular target-based drugs, in cancer
therapy, the issue of concern is still resistance, disease relapse, and side effects of drugs in a
clinical setting. In the case of arsenic compounds, side effects such as white blood cell count,
QT prolongation, as well as liver dysfunction are still a serious concern and limit further clinical
application, although the remarkable clinical efficacy of arsenic compound-based regimens
against APL has been reported [4, 16]. Therefore, application of new arsenic-based therapies
may require the generation of sensitizing strategies for improving the efficacy of arsenic
compounds as well as minimizing their side effects. In order to optimize and/or maximize
future clinical applications of arsenic compounds in patients with leukemia or even other
malignancies, including solid tumors, combination therapy has attracted considerable interest
as new therapeutic strategies. In this regard, we have been interested in the effects of naturally
derived substances such as flavonoids on different kinds of cancerous cells, including leukemic
cells [110–115]. Of these, Vitex, an extract from the ripe fruit of Vitex agnus-castus, has attracted
great attention [112, 113, 115, 116]. We have investigated the effects of Vitex and its major
component, casticin (Figure 2), on leukemia cell lines, HL-60 and U-937, and found that HL-60
cells were more sensitive to the cytotoxicity of Vitex/casticin compared with U-937 cells [112].
Furthermore, compared with unstimulated HL-60 cells, phorbol 12-myristate 13-acetate
(PMA)- and 1,25-dihydroxyvitamin D3 (VD3)-differentiated HL-60 cells acquired resistance
to Vitex/casticin. Based on the observation that the HL-60 cell line is more immature than the
U-937 cell line, our results suggest that the levels of cytotoxicity of Vitex/casticin were largely
attributed to the degree of differentiation of leukemia cells; that is, cell lines with less differ‐
entiated phenotype were more susceptible than the differentiated ones [112]. More impor‐
tantly, much less cytotoxicity was observed in peripheral blood mononuclear cells (PBMNCs)
from healthy volunteers when treated with concentrations of Vitex/casticin showing signifi‐
cant cytotoxicity in both leukemic cell lines [112]. Since recent studies have demonstrated that
less differentiated cancer cells, referred to as leukemia stem cells (LSCs), acquired limitless
self-renewal through oncogenic transformation and that the incomplete eradication of primary
LSCs is closely linked to chemotherapy resistance and consequently contribute to eventual
disease relapse [117], our findings thus provide fundamental insight into the clinical applica‐
tion of Vitex/casticin for hematopoietic malignancy in combination with arsenic compounds.
We further demonstrated [113, 114] that Vitex/casticin-triggered cytotoxicity in HL-60 cells
was implicated in histone H3 phosphorylation through the activation of the p38 MAPK
pathway, which is a common signaling pathway involved in the mechanism underlying the
cytocidal effects of arsenic compounds [4, 6, 16]. These findings suggest that Vitex/casticin
could be promising candidates of adjunct therapeutic reagents for leukemia patients.

Delphinidin (Figure 2), a major anthocyanidin known to be present in pigmented fruits and
vegetables, such as pomegranate, berries, dark grapes, eggplant, and red onion, is a diphe‐
nylpropane-based polyphenolic ring structure that carries a positive charge in its central ring
[118]. Delphinidin has been gaining considerable attention, as it appears to possess a strong
antioxidant/oxidant property as well as other potentially beneficial traits, such as anti-
inflammatory, antimutagenesis, and antiangiogenesis activities [119, 120]. Furthermore,
delphinidin and its glycosides have been demonstrated to trigger apoptosis in HL-60 cells
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through a ROS/JNK-mediated mitochondrial death pathway [121, 122]. We have recently
demonstrated that delphinidin exhibited a dose- and time-dependent cytotoxic effect against
NB4 cells, in which intrinsic/extrinsic pathway-mediated apoptosis, but not cell cycle arrest,
was involved (Yuan et al, submitted). We further demonstrated that delphinidin exerted more
potent cytotoxicity against NB4 cells than normal PBMNCs and that delphinidin in combina‐
tion with arsenite achieved an enhanced cytocidal effect against NB4 cells, but lesser on
PBMNCs (Yuan et al, submitted). These results suggest that delphinidin selectively sensitizes
NB4 cells to arsenite, resulting in an enhancement of arsenite cytotoxicity by strengthening
intrinsic/extrinsic pathway-mediated apoptosis induction. Our observations may offer a
rationale for the use of delphinidin to improve the clinical efficacy of arsenite.

Intriguingly, it has been revealed that flavonoids can inhibit the function of ATP-binding
cassette transporters such as multidrug-resistance-associated proteins (MRPs) as well as P-
glycoprotein (P-gp) [123, 124], which are known to be responsible for the efflux of arsenic and
may consequently contribute to resistance to arsenic therapy [4, 125, 126]. In addition, we have
recently demonstrated [101] that MRP2 and AQP9, which belongs to the aquaporin super‐
family and is closely associated with arsenic uptake, contribute to the differential sensitivity
of primary human-derived normal cells to arsenite using a unique in vitro primary cell culture
system [79, 127, 128]. Therefore, the influence of naturally derived substances on the expression
of transporters associated with intracellular arsenic accumulation should be taken into account
during treatment in combination with arsenic compounds. More recently, by using human
embryonic kidney epithelial (HEK) 293 cells overexpressing MRP4 cells, we have demonstrat‐
ed (Yuan et al., manuscript in preparation) that MRP4, another member of ABC transporters,
could be one of the major contributors to arsenic resistance, although further investigation into
the correlation between the expression status of MRP4 and the treatment outcome of leukemia
patients treated with arsenic-based regimens is needed.

In traditional medicines, including TCM, formulae consisting of more than one active ingre‐
dients are actually much more frequently used, aiming to act on more than one pharmacolog‐

time, we also showed that flow cytometry may be a new convenient and valuable tool for analyzing the AQP9 status of 

APL patients compared with current methods such as Western blotting [132]. Many naturally derived substances, 

including TCM, have been shown to be promising candidates endowed with potent antitumor activities in view of 

combination with arsenic compounds. In fact, many patients in Asian countries, especially those with end-stage cancer, 

prefer to choose traditional medicine therapy alone or in combination with chemotherapy, radiation therapy, as well as 

targeted therapy, aimed to palliate symptoms and improve the quality of life. Therefore, besides efforts in exploring the 

detailed molecular mechanism underlying their cytocidal effects against cancerous cells, systematic analyses aimed at 

understanding the pharmacology and toxicology profiles are eagerly awaited when used alone or in combination with 

other clinical drugs such arsenic compounds. 
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Figure 2. Chemical structures of casticin and delphinidin.
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ical targets and thus exerting synergistic therapeutic effects. One of the most successful models
is the realgar–indigo naturalis formula (RIF), in which arsenic sulfide (A), indirubin (I), and
tanshinone IIA (T) are three major components, and has been found effective against APL in
China [16]. In this regard, Wang and colleagues performed the dissection of mechanisms of
RIF using an APL murine model and APL cells, including NB4, NB4-R2 (ATRA-resistant NB4-
derived cell lines), and primary leukemic cells from APL patients [129]. Their results not only
indicated the functions of each component, e.g., A acted as a principal component, whereas I
and T served as adjuvant ones, but also demonstrated the generation of expected synergistic
effects in view of prolongation of the life span of treated mice, the efficiency of terminal
differentiation induction, and the upregulation of APQ9 expression associated with increment
in intracellular arsenic accumulation, without apparent severe side effects [129]. This study
provides new insight into exploring the value of traditional formulae on a larger scale and
helping to bridge Western and Eastern medicines in the era of systems biology. Besides, we
also focused on the effects of products derived from the human body, such as progesterone
(Pg), and demonstrated that Pg induced a dose- and time-dependent cell growth inhibition in
A3 and I9.2 cells, both of which are subclones of a T-cell-derived leukemic Jurkat cell line [130].
We further suggested that growth suppression accompanied with the induction of apoptosis
by Pg in these cells was mediated through the mitochondrial membrane disruption, followed
by the activation of the caspase cascade [130]. These results provide a novel insight into Pg
actions toward its use for clinical application in patients with lymphocytic T-cell leukemia and
raise the possibility of combination with arsenic compounds.

5. Conclusions

A striking global in vivo and in vitro study on the treatment with arsenic compounds, alone or
in combination, is being explored to understand detailed mechanisms underlying their
efficiency in not only APL but also many other malignancies, including arsenic-resistant
hematopoietic cancer or even solid tumors. Due to the higher reactivity and instability of
trivalent methyl arsenic metabolites such as MAsIII and DMAsIII, a more accurate assessment
of these metabolites in biological samples such as blood still need to be improved, although
some preservatives, including diethyldithiocarbomate [48] and 2,3-dimercaptopropanesulph‐
onate [131], have been used to stabilize these metabolites in urine samples. As mentioned
above, considerable amounts of arsenic species exist in clinical samples as a protein-bound
complex. Although analysis of these protein-bound arsenic complexes has been conducted,
the losses of these complexes from the sampling to the detection stage have not yet been
resolved [131]. Therefore, the development of more applicable contemporary analytical
protocols for these unstable arsenic species shall be explored. Furthermore, in order to achieve
better therapeutic effects for individual APL patients and reduce side effects of arsenic
compounds, not only detailed arsenic biomonitoring but also a predictive molecular biomarker
for arsenic therapy is greatly desired. In this regard, we have recently investigated the
correlation between the expression levels of AQP9 and sensitivity to ATO using NB4, HT93A,
as well as primary APL cells from newly diagnosed and relapsed APL patients and provided
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ical targets and thus exerting synergistic therapeutic effects. One of the most successful models
is the realgar–indigo naturalis formula (RIF), in which arsenic sulfide (A), indirubin (I), and
tanshinone IIA (T) are three major components, and has been found effective against APL in
China [16]. In this regard, Wang and colleagues performed the dissection of mechanisms of
RIF using an APL murine model and APL cells, including NB4, NB4-R2 (ATRA-resistant NB4-
derived cell lines), and primary leukemic cells from APL patients [129]. Their results not only
indicated the functions of each component, e.g., A acted as a principal component, whereas I
and T served as adjuvant ones, but also demonstrated the generation of expected synergistic
effects in view of prolongation of the life span of treated mice, the efficiency of terminal
differentiation induction, and the upregulation of APQ9 expression associated with increment
in intracellular arsenic accumulation, without apparent severe side effects [129]. This study
provides new insight into exploring the value of traditional formulae on a larger scale and
helping to bridge Western and Eastern medicines in the era of systems biology. Besides, we
also focused on the effects of products derived from the human body, such as progesterone
(Pg), and demonstrated that Pg induced a dose- and time-dependent cell growth inhibition in
A3 and I9.2 cells, both of which are subclones of a T-cell-derived leukemic Jurkat cell line [130].
We further suggested that growth suppression accompanied with the induction of apoptosis
by Pg in these cells was mediated through the mitochondrial membrane disruption, followed
by the activation of the caspase cascade [130]. These results provide a novel insight into Pg
actions toward its use for clinical application in patients with lymphocytic T-cell leukemia and
raise the possibility of combination with arsenic compounds.

5. Conclusions

A striking global in vivo and in vitro study on the treatment with arsenic compounds, alone or
in combination, is being explored to understand detailed mechanisms underlying their
efficiency in not only APL but also many other malignancies, including arsenic-resistant
hematopoietic cancer or even solid tumors. Due to the higher reactivity and instability of
trivalent methyl arsenic metabolites such as MAsIII and DMAsIII, a more accurate assessment
of these metabolites in biological samples such as blood still need to be improved, although
some preservatives, including diethyldithiocarbomate [48] and 2,3-dimercaptopropanesulph‐
onate [131], have been used to stabilize these metabolites in urine samples. As mentioned
above, considerable amounts of arsenic species exist in clinical samples as a protein-bound
complex. Although analysis of these protein-bound arsenic complexes has been conducted,
the losses of these complexes from the sampling to the detection stage have not yet been
resolved [131]. Therefore, the development of more applicable contemporary analytical
protocols for these unstable arsenic species shall be explored. Furthermore, in order to achieve
better therapeutic effects for individual APL patients and reduce side effects of arsenic
compounds, not only detailed arsenic biomonitoring but also a predictive molecular biomarker
for arsenic therapy is greatly desired. In this regard, we have recently investigated the
correlation between the expression levels of AQP9 and sensitivity to ATO using NB4, HT93A,
as well as primary APL cells from newly diagnosed and relapsed APL patients and provided
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direct evidence that the expression of AQP9, rather than other biomarkers such as cell surface
markers and chromosomal alteration, closely correlate with the sensitivity to ATO in both APL
cell lines and primary blasts [132]. Our findings thus suggest that the AQP9 expression status
of APL patients is a predictive marker for the successful outcome of ATO treatment. At the
same time, we also showed that flow cytometry may be a new convenient and valuable tool
for analyzing the AQP9 status of APL patients compared with current methods such as
Western blotting [132]. Many naturally derived substances, including TCM, have been shown
to be promising candidates endowed with potent antitumor activities in view of combination
with arsenic compounds. In fact, many patients in Asian countries, especially those with end-
stage cancer, prefer to choose traditional medicine therapy alone or in combination with
chemotherapy, radiation therapy, as well as targeted therapy, aimed to palliate symptoms and
improve the quality of life. Therefore, besides efforts in exploring the detailed molecular
mechanism underlying their cytocidal effects against cancerous cells, systematic analyses
aimed at understanding the pharmacology and toxicology profiles are eagerly awaited when
used alone or in combination with other clinical drugs such arsenic compounds.
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Abstract

Chronic lymphocytic leukaemia (CLL) is a heterogeneous disease with a very variable
clinical  outcome.  New  biological  markers,  such  as  cytogenetic  abnormalities  or
mutation status, have become important prognostic factors. Whole-genome sequenc‐
ing studies have revealed novel genomic mutations, NOTCH1, SF3B1, BIRC3, TP53 and
MYD88 being the most important. All these mutations have also been associated with
the disease outcome. The treatment of CLL has evolved favourably in recent years.
However, adverse events or chemorefractoriness occurs in some cases. Luckily, an
increasing number of compounds are under development with promising results. Some
of these new targeted therapies include B-cell receptor inhibitors, new anti-CD20
antibodies, Bcl-2 inhibitors, immunomodulatory drugs or chimeric antigen receptors
(CARs). In this chapter, we will conduct a review of the new prognostic markers of
CLL, the relationship they have with each other to build prognostic scores, the role they
have in guiding treatment decisions and the novel therapies that have emerged recently
with immunologic, biochemical and genetic targets.

Keywords: Chronic lymphocytic leukaemia, genetic abnormalities, recurrent muta‐
tions, targeted therapy, signalling pathway

1. Introduction

Chronic lymphocytic leukaemia (CLL) is a neoplasm characterized by the proliferation and
accumulation of monoclonal mature B lymphocytes in the peripheral blood, bone marrow,
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spleen and lymph nodes. It is the most frequent type of leukaemia in adults from Western
countries, showing a predilection for the elderly, with a median age at diagnosis of 72 years
old. It has been more prevalent in men than in women [1, 2].

The clinical course of CLL is highly heterogeneous. Some patients require treatment at the
time  of  diagnosis,  while  others  remain  asymptomatic  and  may  even  never  be  treated.
Therefore, median survival times range from a few months to many decades [3,4]. In order
to define disease extent and prognosis, Rai and Binet staging systems were designed around
35–40 years ago and remain widely used in clinical practice [5,6]. They are based on physical
examination and blood counts and are therefore inexpensive and easy to apply. Howev‐
er, some patients with early stages promptly progress and do not respond to therapy. For
these reasons, over the last ten years, several biological markers such as immunoglobulin
heavy-chain variable region (IGHV) mutation status, cytogenetic abnormalities or expres‐
sion of specific proteins on CLL cells  have become important prognostic factors for this
disease [7–10].  They are available  in routine clinical  practice and may even guide treat‐
ment decisions.  Recently,  the improvements in the next-generation sequencing technolo‐
gies have revealed novel genomic markers with important prognostic value highlighting
NOTCH1 (neurogenic locus notch homolog protein 1), SF3B1 (splicing factor 3B subunit 1),
BIRC3 (baculoviral IAP repeat-containing protein 3), TP53 (tumour protein p53) and MYD88
(myeloid  differentiation  primary  response  88).  In  the  first  part  of  this  chapter,  we  will
conduct a review of these markers, its implications on pathophysiology and prognosis of
CLL,  the relationship they have with other  prognostic  factors  in  order  to  establish new
scores for clinical practice, and the role they have in guiding therapeutic choices.

CLL remains an incurable disease with the exception of allogeneic transplantation. Besides,
some patients without treatment present survival rates similar to the normal population,
and no benefit  has been found when early treatment has been applied in this subset of
patients. In addition, spontaneous cure has been reported in rare occasions [11]. For these
reasons, only half of the patients diagnosed with CLL will require treatment during follow-
up. Fortunately, survival rates of patients with CLL have improved significantly, thanks to
the great  advances in treatment over the past  decades [12].  Glucocorticoids and alkylat‐
ing drugs were the first treatments introduced, followed by purine analogues. Later, the
arrival of targeted antibody therapy led by rituximab (anti-CD20) was the most revolution‐
ary progress. Bendamustine, another alkylating agent used in Germany for more than 30
years, has also been approved for the treatment of CLL after showing its benefits for this
disease  in  clinical  trials  [13,14].  All  these  drugs  remain  widely  used  in  routine  clinical
practice,  mainly  in  combination  regimens.  In  fact,  chemo-immunotherapy  regimens  are
nowadays  the  standard  approach  to  therapy  of  most  patients  with  CLL,  as  they  have
demonstrated to produce a survival benefit with durable remissions [15–17]. Table 1 sums
up approved drugs for the treatment of CLL by categories; and Table 2 summarizes the
combination of suggested treatment regimens used for the treatment of CLL recommend‐
ed by the NCCN (National Comprehensive Cancer Network) [17].
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Alkylating agents

Chlorambucil

Cyclophosphamide

Bendamustine

Purine analogues

Fludarabine

Pentostatin

Cladribine

Monoclonal antibodies

Anti-CD20

Rituximab

Ofatumumab

Obinutuzumab

Anti-CD52

Alemtuzumab

B-cell receptor inhibitors

Ibrutinib

Idelalisib

Table 1. Approved drugs by categories for the treatment of CLL

Acronym Drugs

FCR Fludarabine, cyclophosphamide, rituximab

FR Fludarabine, rituximab

PCR Pentostatin, cyclophosphamide, rituximab

BR Bendamustine, rituximab

Chlorambucil + anti-CD20 Rituximab/obinutuzumab/ofatumumab

HDMP + rituximab High-dose methylprednisolone, rituximab

RR Lenalidomide, rituximab

RCHOP Rituximab, cyclophosphamide, doxorubicine, vincristine, prednisone

Idelalisib + rituximab Idelalisib, rituximab

Alemtuzumab + rituximab Alemtuzumab, rituximab

Table 2. Combination suggested treatment regimens used for the treatment of CLL recommended by the National
Comprehensive Cancer Network (NCCN) Version 1-2015
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Nevertheless, some of these regimens are not exempted from adverse events that limit their
use in frail patients, especially the elderly. Moreover, some patients are chemo-resistant to
these drugs, and a curative therapy is still absent for them. Knowledge of the pathogenesis of
B-cell receptor (BCR) has led to the investigation of novel molecular targets like Bruton tyrosine
kinase inhibitors or phosphatidylinositol 3-kinases (PI3Ks). New anti-CD20 antibodies such
as ofatumumab or obinutuzumab have also been shown to have a promising activity in CLL.
Other new target therapies under study include Bcl-2 inhibitors, immunomodulatory drugs
(lenalidomide) or chimeric antigen receptors. The second part of this chapter will be dedicated
to review novel therapies that have emerged recently with immunologic, biochemical and
genetic targets.

2. Prognostic markers and risk stratification of CLL

The clinical course of CLL is extremely variable. Prognostic markers are important not only
for patient management but also in understanding the disease biology. Many biological factors
have been added to the classic staging systems of Rai and Binet with the intention to establish
prognostic groups. However, as novel cytogenetic and molecular findings are discovered, our
understanding on its prognostic value keeps in constant evolution. In this section, we will
conduct a review of these “new” prognostic markers, focusing on genetic markers.

2.1. Genetic markers in CLL

2.1.1. Recurrent genomic abnormalities detected by interface fluorescence in situ hybridization (FISH)

FISH studies are able to detect clonal genomic aberrations in the majority (>80 %) of CLL
patients. The most common recurrent chromosomal abnormalities include 13q deletion (13q-),
11q deletion (11q-), trisomy 12 (+12) and 17p deletion (17p-), defining five prognostic categories
with different survival times [18].

2.1.1.1. 13q-

13q- is the most frequent chromosome aberration in CLL, observed in approximately 55 % of
the cases, and entails the group of patients with a better prognosis. However, the deletions
that occur at this chromosome are not homogeneous and neither is the prognosis for this
subgroup of patients. The size of the deletion varies thumping. Two types of deletion have
been proposed in accordance to their extent: 13q- type I or short deletions not comprising the
RB1 (retinoblastoma 1) locus and 13q- type II or large deletions including the RB1 locus. The
latter have been associated with a more aggressive clinical course [19,20]. 13q deletions are
monoallelic in most cases, but biallelic losses have also been described in nearly 30 % of
patients, and although it has been controversial, they do not seem to entail a worse clinical
outcome [21–24]. The size of the clone harbouring 13q- has also implications on prognosis,
with a significantly shorter time to first treatment (TTFT) and overall survival (OS), if a high
proportion of cells carry 13q- [22,25,26]. With intent to explain the pathogenesis and clinical
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heterogeneity of 13q-, several genes located at 13q have been identified. Among them stand
microRNAs (miRNAs) miR15a and miR16-1, DLEU2, DLEU7 or RB1. MiR15a and miR16-1
exhibit a tumour suppressor function in CLL by targeting the BCL-2 oncogene, being absent
or downregulated in the majority of the cases [27,28].

2.1.1.2. 11q-

Prevalence of 11q deletions is estimated below 20 % [18]. The presence of 11q- entails bad
prognosis, and often patients present with progressive disease, B symptoms, bulky lympha‐
denopathy, short TTFT and a reduced OS. In addition, 11q- is associated with unmutated IGHV
status (U-CLL), which is consistent with the poor prognostic factors mentioned [29,30].
However, some evidence points out that the addition of immunotherapy to classic chemo‐
therapy may overcome the effect of 11q- in previously untreated patients [15,31]. Analogously
to 13q-, a high percentage of cells with 11q- has been associated with a worse outcome among
11q- patients [32,33]. 11q- usually implies the loss of the ATM (ataxia telangiectasia mutated)
gene, albeit ATM mutations have been found in <30 % of 11q- cases. ATM gene is involved in
the repair of damaged DNA; hence, its deficiency causes genomic instability and allows the
accumulation of additional genetic mutations during disease course [34]. BIRC3 gene is also
located on 11q close to the ATM gene, and deletions and mutations of this gene lead to an
unfortunate outcome as well, as they tend to appear in fludarabine-refractory patients [35].

2.1.1.3. +12

Trisomy 12 is the third most frequent cytogenetic aberration, occurring in up to 15 % of CLL
cases. Patients with this aberration have been classically considered to have an intermediate
prognosis; however, further work has considered this trisomy as a clinical heterogeneous
entity [36]. +12 has been associated with an atypical morphology and immunophenotype [37]
and has been connected with concurrent trisomy of chromosomes 18 and 19 [38]. Critical genes
involved in this aberration remain unknown. NOTCH-1 mutations were identified in 30–40 %
of patients carrying +12, conferring a worse clinical outcome when present in this subset of
patients [39–41]. Similarly to deletions, among patients with +12, a high percentage of cells
carrying +12 is associated with a worse OS and TTFT [42].

2.1.1.4. 17p-

17p deletion is observed in around 7 % of untreated CLL cases, but its incidence may amount
up to 45 % in cases of relapsed or refractory CLL [43]. 17p- is invariably associated with a very
poor outcome because of the loss of TP53 gene. In more than 75 % of the cases with 17p-,
mutations in TP53 are observed in the remaining allele [44]. In spite of that, monoallelic
inactivation of TP53 may be enough to confer a poor prognosis [45]. The tumour suppression
p53 acts by inducing apoptosis or cell cycle arrest when DNA is damaged, and consequently
genomic complexity is not a rare find in this setting [46]. As in other cytogenetic abnormalities,
a high percentage of deleted cells has been associated with a worse outcome within 17p-
patients [47]. Patients with 17p- usually do not respond to conventional therapies (fludarabine
or alkylating agents), as they are based on p53-dependent mechanisms. Thus, these patients

New Insights in Prognosis and Therapy of Chronic Lymphocytic Leukaemia
http://dx.doi.org/10.5772/60738

223



relapse more frequently and have a shorter OS [48]. Nowadays, 17p- is the only cytogenetic
abnormality that defines a different treatment approach. Rational options for these patients
include new B-cell receptor inhibitors or methylprednisolone +/- alemtuzumab or rituximab
followed by allogeneic bone marrow transplantation in candidates for this procedure.

2.1.2. IGHV mutation status

The somatic hypermutation of the variable region of the immunoglobulin heavy-chain genes
(IGHV) has become one of the most stable and reliable indicators of clinical outcome in CLL.
Based on the cutoff value of 98 % identity with the closest germ line IGHV, two different subsets
of CLL can be indentified: mutated CLL (M-CLL) and unmutated CLL (U-CLL) [8,9]. Somatic
mutations of IGHV occur in approximately half of the cases and usually present with non‐
progressive disease, in contrast to patients with U-CLL who have a more aggressive disease
with a shorter progression-free survival (PFS), TTFT and OS. U-CLL is also associated with
unfavourable prognostic factors such as 11q-, 17p- or ZAP-70 positivity. Furthermore,
irrespective of mutation status, some heavy-chain variable regions have been associated with
specific clinical features, outcome and varying occurrences from country to country. For
example, IGHV1-69 gene has been observed to be one of the most frequently rearranged genes
in Western patients and is almost always associated with the subset of U-CLL [49]. Other
subgroups reported to be frequently used in Western patients are IGHV3-23, IGHV4-34 and
IGHV3-07. Moreover, an overrepresentation of the IGHV3-21 gene has been reported in
northern European countries compared to the Mediterranean region, and it has been associated
with a worse prognosis despite the mutation status [50].

2.1.3. Mutations of key tumour suppressor genes

2.1.3.1. TP53 mutations

CLL harbours TP53 mutations in around 5–10 % of the cases at diagnosis, but the incidence
increases up to 40–50 % in refractory patients or Richter transformation. TP53 mutations
separate a group of patients with critical importance in CLL. This mutation is associated with
an ominous outcome due to chemo-refractoriness and therefore is the only biomarker that
currently drives treatment decisions in CLL. TP53 mutations have a detrimental impact on
therapy response, PFS and OS [45,48]. TP53 is a tumour suppressor gene that induces apoptosis
or cell cycle arrest after DNA damage. Chemo-refractoriness in patients with these mutations
is explained by the mechanism of action of fludarabine or alkylant agents, based on a p53-
dependent mechanism. Thus, analogously to 17p-, these patients should be treated, avoiding
DNA-damaging chemotherapy agents. Very limited efficient options have been available in
the last years in spite of allogeneic stem cell transplantation. Luckily, a number of novel
biological drugs such as B-cell receptor inhibitors have been developed and incorporated in
the treatment of these patients with encouraging results [51]. Although TP53 mutations are
usually accompanied by 17p-, some patients carry TP53 mutations in the absence of 17p-.
However, the monoallelic TP53 alteration has the same negative impact in prognosis than
biallelic defects [44]. TP53 mutations may appear in a nondominant clone of CLL cells. Ultra-
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deep next-generation techniques were used with the purpose of identifying these subclones,
and TP53 mutations were observed in around 9 % of the cases. These patients showed the same
poor survival than patients with TP53 mutations in the predominant clone [52].

2.1.3.2. ATM gene mutations

ATM gene encodes for the ATM protein kinase, a member of the PI3K (phosphatidylinositol
3-kinase) family. ATM protein takes part in the DNA damage repair mechanism, mediating
cellular response to DNA damage in the form of double-strand breaks [53]. The ATM gene is
located on chromosome 11, and mutations in this gene occur in around 12 % of CLL cases [54].
As mentioned before, 11q- is not frequently associated with ATM mutations (30 % of cases),
although 11q- almost always implies the loss of ATM. Similarly to TP53 and 17p-, mutations
in the ATM gene entail bad prognosis despite its association with 11q-. Therefore, ATM
mutations entail short OS, with a more aggressive disease and poor response to chemotherapy,
and are related to U-CLL [54]. Another relevant finding concerning ATM gene is that biallelic
inactivation carries a worse clinical outcome, with more treatment resistance compared to
monoallelic alterations [55].

2.1.4. Novel gene mutations

New deep sequencing technologies have discovered in the last five years novel recurrent
mutations in CLL, NOTCH1, SF3B1, BIRC3 and MYD88 being the most frequent [56–58]. These
mutations can be observed in approximately 10–15 % of CLLs. Table 3 summarizes the most
common mutations with their principal features.

Gene
mutations

Chromosome Association Biologic function
Clinical
outcome

Frequency

NOTCH1 9 +12 NOTCH1 signalling Poor 10–15 %

SF3B1 2 11q- mRNA splicing Poor 5–10 %

BIRC3 11 11q- NF-κB pathway Poor 4 %

MYD88 3 13q- NF-κB pathway Good 3 %

ATM 11 11q- DNA repair Poor 12 %

TP53 17 17p- DNA repair Dreadful 5–10 %

Table 3. Most frequent recurrent mutations in CLL

2.1.4.1. NOTCH 1

NOTCH1 mutations occur in around 10–15 % of de novo CLL cases, being more frequent in
advanced disease or Richter transformation [59]. These mutations result in the generation of
a truncated protein which lacks the C-domain, becoming more stable in activating the
NOTCH-1 signalling pathway. This protein in its normal conformation regulates the tran‐
scription of MYC, TP53 genes and molecules of the NF-κB pathway. Therefore, NOTCH1
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mutations allow, an up-regulation of the cell cycle, and consequently, an advantage in cell
survival and apoptosis resistance [41,58]. NOTCH1 mutations confer to CLL a worse clinical
outcome with a shorter TTF, PFS, OS and less response to treatment even in the context of a
rituximab-based regimen. In connection with this, bad prognostic markers have been associ‐
ated with NOTCH1 mutations. Among them, ZAP-70, CD38 and U-CLL stand out [60]. It is
worth noting that approximately 30 % of cases with Richter transformation harbour NOTCH1
mutations. However, it is unclear whether this mutation is acquired during progression
disease, as a consequence of clonal evolution or can be observed in early stages of CLL [41,59].
NOTCH1 mutations have also been associated with +12, and when both alterations cluster,
NOTCH1 separates a subgroup of patients with poor outcome [40]. NOTCH1 mutations have
also been identified in 60 % of cases with T-acute lymphoblastic leukaemia and other non-
haematological neoplasms, and its role among them can be ambiguous, acting not only as an
oncogene but also as a tumour suppression gene. The relevance of these mutations is even
greater as they can be used as a target for therapy. In fact, drugs for this purpose are under
development [61].

2.1.4.2. SF3B1

SF3B1 gene is located at chromosome 2q33.1 and encodes for a splicing factor. Different
mutations related to the splicing machinery have been associated with oncogenesis, pointing
out that aberrant splicing constitutes an important pathway in malignant transformation.
Nevertheless, the real mechanism underlying SF3B1 dysfunction in CLL remains unknown. It
is speculated that SF3B1 mutations may trigger aberrant splicing of important proteins for the
tumourigenesis process including cellular cycle control, angiogenesis or apoptosis. Somatic
mutations of SF3B1 can be found in around 10 % of CLL cases, but the incidence increases
during disease evolution, probably determining the appearance of aggressive subclones [56].
SF3B1 mutations in CLL entail bad prognosis with a more aggressive disease, advanced clinical
stage at diagnosis and a worse OS, being more frequently observed in fludarabine refractory
patients [62]. Bad prognosis markers such as ZAP-70 and U-CLL have also been associated
with these mutations. In contrast, Richter transformation is not an often issue among SF3B1
mutations [59]. In around 50 % of the cases, SF3B1 mutations occur accompanied by 11q- or
ATM mutations, and although unusual, mutations in SF3B1 and ATM have been observed
without 11q-. Other haematological diseases such as myelodysplastic syndromes and non-
haematologic tumours may harbour SF3B1 mutations, but they seem mutually exclusive from
other lymphoid neoplasms. In contrast to CLL, SF3B1 mutations confer a more favourable
prognosis in myelodysplasia and identify a particular entity: refractory anaemia with ring
sideroblasts [63,64].

2.1.4.3. BIRC3

BIRC3 mutations are unusual in CLL, with an incidence of 4 % approximately. The BIRC3 gene,
located near ATM gene at 11q33, together with TRAF2 and TRAF3 conforms a protein that
negatively regulates the activation of the NF-κB signalling pathway. BIRC3 mutations result
in an activation of the NF-κB pathway, hence resistance to apoptosis and increased prolifera‐
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tion of cells. BIRC3 mutations were found in cases of relapse or fludarabine resistance,
especially in the absence of TP53 mutations. In this setting, the incidence of these mutations
rises up to 25 %. Anyway, when they appear at diagnosis, a poor clinical outcome is also
observed [35]. NF-κB inhibitors are under development in CLL cases harbouring BIRC3
mutations with encouraging preclinical results [65].

2.1.4.4. MYD88

MYD88 protein takes part in the homeostasis of B human cells working as an adaptor protein
of the toll-like/interleukine-1 receptor. MYD88 mutations cause resistance to apoptosis after
they activate the NF-κB pathway. MYD88 mutations have been found in several lymphoid
neoplasms, distinguishing lymphoplasmacytic lymphoma [66,67]. In CLL, they have been
reported in a low proportion of cases (3–5 %) [57,58]. In contrast to previous recurrent
mutations, mutations in MYD88 have been associated with a good outcome in CLL patients.
They have also been observed more frequently in young patients and detected in association
with 13q- and M-CLL, maintaining the favourable prognosis in these populations [68].

2.1.5. Other genetic abnormalities with prognostic relevance

Other genetic abnormalities have been reported in CLL in a very low proportion of cases. These
include deletion of 6q, trisomy 3, trisomy 8, trisomy 18, trisomy 19, deletion of 5q and gains of
2p, 3q, 17q and 8q. These alterations have also been related to disease outcome in a recent study
that used array comparative genomic hybridization to identify genomic imbalance. Three
groups of patients were made according to their prognostic outcome: good outcome (13q-
without any of these alterations: gain, 1p, 7p, 12, 18p, 18q, 19, and loss, 4p, 5p, 6q, 7p), adverse
outcome (gain, 2p, 3q, 8q, 17q, and loss, 7q, 8p, 11q, 17p, 18p) or intermediate outcome
(remainder). This study also identified gain of 3q, 8q and 17p- as independent unfavourable
prognostic biomarkers [69]. Translocations are also rare in CLL, but when present, they entail
a negative prognostic impact [70]. Finally, complex karyotypes, defined by 3 or more altera‐
tions, whether deletions or gains, have also been associated with progressive or refractory
disease and ATM and TP53 defects [10,38].

2.2. Other prognostic biomarkers in CLL

Many non-genetic markers predict disease outcome in CLL. A brief enumeration of them and
their implication in prognosis will be detailed below. Serum markers LDH and β2-microglo‐
bulin have been widely used, indicating a more advance disease when their levels are high,
and although they are not specific for CLL, they can be easily measured in clinical practice [71].
Lymphocyte double time, defined as the number of months that takes the lymphocyte count
to double, is another classic prognostic marker that can be easily used in CLL. Hence, it has
been proposed as one of the criteria to indicate therapy [72]. Several protein markers were
investigated with the intention to find substitute markers for the arduous IGHV mutation
status. Among them, CD38, ZAP70 (zeta-chain-associated protein) and CD49d stand out. CD38
and ZAP70 were first described as surrogate markers for U-CLL, but this has been controversial
[7,9]. However, further studies demonstrated that both are independently associated with poor
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outcome regardless of mutation status [9,73,74]. CD49d has also been correlated with shorter
survival times when expressed at high levels and has recently emerged as the strongest flow
cytometry predictor for OS [75]. MicroRNAs are small non-coding RNA molecules which act
as posttranscriptional regulators of gene expression. Its dysregulation is associated with
tumour development, and in CLL, they might be used as prognostic markers, as some studies
have demonstrated. For instance, reduced expression of miR-29, mir-223, miR-34a and mir-181
or increased expression of miR-21 and mir-221/222 has been associated with poor prognosis
[38]. However, to validate this data, corroboration in prospective studies is necessary.

2.3. Prognostic systems

Numerous prognostic markers have individually shown correlations with survival over the
last decades. The current challenge is to build a prognostic model that is clinically relevant,
easily applicable, oriented to take therapeutic decisions and feasible in the clinical practice
setting. With these goals, some attempts have been done over time. A review of some of these
models is summarized in Table 4 and detailed next [76].

Authors Markers used Prognostic groups

Rai et al. -Haematological blood counts
-Physical examination

Low: lymphocytosis
Intermediate: lymphadenopathy, visceromegaly
High: anaemia or thrombocytopenia

Binet et al. -Haematological blood counts
-Physical examination

A: < 3 areas lymphadenopathy
B: no A, no B
C: anaemia or thrombocytopenia

Döhner et al. -FISH 13q-: median overall survival (OS) of 133 months
Normal karyotype: 111 months
+12: 114 months
11q-: 72 months
17p-: 32 months

Wierda et al. -Age
-Absolute lymphocyte count
-β2-microglobulin levels
-Rai stage
-Sex
-Number of lymph node regions

Calculate the 5-year and 10-year survival probability with
specific nomogram

Wierda et al. -LDH
-Number of lymph node regions
-Size of lymph nodes on the neck
-IGHV mutation status
-FISH aberrations

Calculate the 2-year and 4-year treatment-free probability with
specific nomogram
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Pflug et al. -Sex
-Age
-ECOG status
-17p- (six points)
-11q-
-IGHV mutation status
-β2-microglobulin levels
-Thymidine kinase

Male, 1 point; TK >10 U/L, 2 points; β2-microglobulin 1.7–3.5
mg/dL, 1 point; β2-microglobulin >3.5 mg/dL, 2 points;
unmutated-CLL (U-CLL), 1 point; ECOG >0, 1 point; 11q-, 1
point; age >60 years, 1 point
Low risk: score 0 to 2
Intermediate risk: score 3 to 5
High risk: score 6 to 10
Very high: score 11 to 14

Rossi et al. -FISH
-New mutations

Very low risk: 13q- only
Low risk: +12 or a normal FISH
Intermediate risk: NOTCH1 and/or SF3B1 and/or 11q-
High risk: TP53 and/or BIRC3 abnormalities

Haferlach et al. -Age
-Leucocyte count
-IGHV mutation status
-IgH translocations
-Number of cytogenetic aberrations
-TP53 deletion
-ATM mutations

Predicting OS:
Age ≥ 65 years, 1 point; leucocyte count ≥20 × 109/l, 1 point; U-
CLL,1 point; TP53 deletion, 2 points; translocation involving
the IGH locus on 14q32, 2 points; number of chromosome
aberrations based on CBA 0, 0 points; 1 or 2, 1 point; and ≥3, 2
points
Favourable risk: 0–3 points
Intermediate risk: 4–5 points
Unfavourable risk: "/>5 points
Predicting TTFT:
U-CLL, 1 point; ATM deletion, 1 point; translocation involving
the IGH locus on 14q32, 2 points; number of chromosome
aberrations based on CBA 0 or 1, 0 points; 2–4, 1 point; and ≥5,
2 points
Favourable risk: 0–2 points
Intermediate-1 risk: 3 points
Intermediate-2 risk: 4 points
Unfavourable risk: 5 points

Table 4. Summary of published prognostic indexes for CLL

Rai and Binet prognostic systems [5,6] were the initial scores intended to predict progno‐
sis in patients with CLL. These score systems still stand in routine clinical practice nowadays
as they are good predictors for prognosis,  inexpensive and able to identify the need for
therapy. The biggest disadvantage of them is that a notable amount of patients with early
stages  progress.  Wierda  et  al.  [71]  developed  a  nomogram  including  age  and  absolute
lymphocyte count, β2-microglobulin levels, Rai stage, sex and number of involved lymph
node regions.  A specific  punctuation was given to  each independent  covariate,  and the
summation of the points hurls a new score that can be extrapolated to calculate the 5- and
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10-year probability of survival. This model may be useful for previously untreated patients,
but  its  limitations  include  that  it  was  performed  in  a  young  cohort  of  patients,  not
extrapolated  to  all  CLL  patients,  and  that  new  biological  markers  were  not  included.
However,  this  nomogram  has  been  validated  later  in  an  independent  multicentre  CLL
population  and  improved  by  simplifying  it  into  a  four-variable  model  (age,  sex,  Binet
staging,  β-2-microglobulin)  [77].  The  development  of  FISH  studies  identified  genomic
aberrations in around 80 % of CLL patients and led to the stratification into a hierarchy of
five prognostic  subgroups with decreasing survival  times:  CLL cases  with 17p-  had the
worst prognosis (median survival of 32 months), followed by cases harbouring 11q- (median
survival of 72 months), +12 (median survival of 114 months), normal karyotype (median
survival of 111 months) and 13q- (median survival of 133 months) [18]. This model supposed
a great achievement to powerfully complement the Rai and Binet prognostic scores and
allows  to  make  therapeutic  decisions  such  as  to  offer  a  different  treatment  to  17p-  pa‐
tients. The next step was to include classical and new biological and genetic markers in the
same prognostic score. In line with this, Wierda et al. [78] proposed a new nomogram, this
time including new prognostic markers,  with the purpose to calculate the 2-  and 4-year
probability of TTFT. Along with LDH, the number of involved lymph node sites and large
size of lymph nodes of the neck, new biological factors such as IGHV mutation status and
FISH aberrations according to the hierarchal model were included. This model has not been
validated in independent cohorts and has not been used to calculate OS. Nevertheless, it
can be useful to identify patients at high risk for progression to treatment.  The German
CLL Study Group came up with another prognostic system based on 23 classical and novel
biological and genetic markers [79]. Eight factors were finally independently associated with
inferior  survival:  sex,  age,  ECOG  status,  17p-,  11q-,  IGHV  mutation  status,  serum  β2-
microglobulin  levels  and  serum thymidine  kinase.  According  to  these  factors,  four  risk
categories  could  be  separated  with  different  survival  times.  This  prognostic  score  was
validated in an independent cohort. Comparing with classic staging systems, this prognos‐
tic score allows to identify early-stage patients who will sooner progress and to separate
ultrahigh-risk patients. However, there are some barriers to adopt this score into clinical
practice  including  that  thymidine  kinase  is  not  available  routinely;  new data  regarding
novel  mutations such as NOTCH1, SF3B1  or  BIRC3  has not  been incorporated;  and p53
mutations in patients without 17p- were not represented. Haferlach et al. proposed two new
scoring  systems  with  a  combination  of  genetic  and  classical  markers.  The  parameters
incorporated were age, leukocyte count, IGHV mutation status, IgH translocations, number
of chromosomal aberrations detected with CBA (chromosome banding analysis) and TP53
and ATM  mutations. The applicability of these scores in the current setting is limited, as
CBA is not commonly performed in clinical practice. Rossi et al. [80] were the first to propose
a scoring system integrating both cytogenetic and mutational markers. This scoring system
separates CLL patients into four prognostic risk groups: high risk, harbouring TP53 and/or
BIRC3  abnormalities  (10-year  OS:  29  %);  intermediate  risk,  harbouring  NOTCH1  and/or
SF3B1  mutations  and/or  11q-  (10-year  OS:  37  %);  low risk,  harbouring +12 or  a  normal
genetics (10-year OS: 57 %); and very low risk, harbouring 13q- only, whose 10-year OS
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(69.3 %) did not significantly differ from a matched general population. This model exhibits
superiority in discrimination patient outcome to the FISH-based model and can be used at
any  time  point  from  diagnosis,  maintaining  its  prognostic  relevance.  It  emphasizes  the
importance of including new recurrent mutations, as these may reclassify patients into a
higher-risk group. Other authors partially replicated this scoring system although finding
some discrepancies that suggested that NOTCH1 and SF3B1  mutations should be consid‐
ered as higher-risk alterations [81,82].

3. Targeted therapy for CLL

Immuno-chemotherapy is the initial approach to the majority of CLL patients who require
therapy nowadays. However, some patients relapse, become refractory or suffer important
secondary adverse events. For these reasons, the emergence of new targeted treatments has
and will revolutionize the treatment model for CLL. Hopefully, targeted therapy will be not
only more effective in improving survival of CLL patients but also less toxic, ameliorating
quality of life of patients under treatment. This part of the chapter will be dedicated to review
the novel targeted treatments that have been already approved or are being studied for the
treatment of CLL.

3.1. Second-generation anti-CD20 monoclonal antibodies

CLL cells express antigen CD20 with a low intensity, but enough for the chimeric mouse
anti-human CD20 monoclonal  antibody rituximab to  lyse  these  cells.  Rituximab acts  by
different  mechanisms  including  antibody-dependent  cell-mediated  cytotoxicity  (ADCC),
complement-mediated  cytotoxicity  and  direct  toxicity.  When  used  in  combination  with
chemotherapy, rituximab has demonstrated superiority over chemotherapy regimens and
has therefore become a standard of care in the treatment of CLL patients either in front‐
line or salvage therapy [14,15].

3.1.1. Ofatumumab

Ofatumumab is a fully humanized anti-CD20 that binds to a different CD20 epitope than
rituximab, generating a greater cytotoxic potential than rituximab by complement-mediated
cytotoxicity with the same ADCC. It has been approved by the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) for the treatment of fludarabine and
alemtuzumab refractory CLL patients and recently by the FDA for previously untreated
patients in combination with chlorambucil (Clb) in whom fludarabine-based therapy is
considered inappropriate. The study that gave the indication of ofatumumab for previously
treated patients consisted of a phase II trial including 138 patients with either fludarabine and
alemtuzumab refractoriness or fludarabine refractoriness and bulky disease. Overall response
(OR) rates were 58 % and 47 %, and median OS were 13.7 and 15.4 months, respectively. The
most common adverse events were infusion reactions and infections, which were primarily
grade 1 or 2 events [83]. The FDA approval of ofatumumab in combination with chlorambucil
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for previously untreated CLL patients was based on the results of a phase III trial only
preliminary reported, comparing ofatumumab in combination with chlorambucil to single-
agent chlorambucil in 447 patients in whom fludarabine-based therapy was considered to be
inappropriate. The ofatumumab + chlorambucil arm demonstrated superiority with a higher
OR (82 % vs. 69 %), CR (12 % vs. 1 %) and PFS (22.4 vs. 13.1 months) [84]. Anyway, a formal
comparative trial of ofatumumab versus rituximab is missing, and therefore, the real value of
ofatumumab remains to be determined.

3.1.2. Obinutuzumab (GA101)

Obinutuzumab is a new second-generation recombinant humanized anti-CD20, glycoengi‐
neered to increase its affinity in binding the type 2 CD20 epitope. Obinutuzumab produ‐
ces an increased ADCC and direct cytotoxicity, with lower complement-mediated toxicity.
The FDA approved this drug for its use in combination with chlorambucil for the treat‐
ment  of  patients  with  previously  untreated  CLL,  in  view of  the  primary  results  of  the
CLL-11 trial [85]. This study consisted of a phase III international clinical trial that compared
chlorambucil  (Clb)  versus chlorambucil  plus rituximab (R-Clb)  versus chlorambucil  plus
obinutuzumab  (O-Clb)  in  previously  untreated  CLL  patients  not  candidates  to  receive
fludarabine.  Patients  in the O-Clb arm achieved a higher OR rate and a prolonged PFS
compared to  patients  in  the R-Clb arm and a  benefit  in  OS,  PFS and OR rate  than pa‐
tients receiving Clb alone. Grade 3 and 4 neutropenia and infusion reactions were more
common  with  O-Clb  than  with  R-Clb,  but  the  risk  of  infection  was  not  increased.  An
updated analysis of this trial has been recently published, confirming the PFS benefit in the
arm of O-Clb vs. R-Clb (29.2 versus 15.4 months, P<0.001) and reporting a longer TTFT in
the arm of O-Clb vs. R-Clb (42.7 versus 32.7 months, P<0.001). The previously observed OS
benefit of G-Clb over Clb monotherapy was confirmed [86].

3.2. B-Cell receptor signalling pathway

The B-cell receptor (BCR) signalling pathway is vital for CLL cell survival and proliferation
and therefore constitutes an important new strategy for targeted therapy in CLL. Bruton
tyrosine kinase (BTK) or phosphoinositide 3'-kinase (PI3K) constitutes some of the key kinases
in this pathway. Inhibitors of these kinases have been under investigation in patients with CLL
with promising clinical results and minimal toxicity. In fact, ibrutinib and idelalisib, two oral
compounds given as continuous treatment, have been recently approved for treatment of CLL
patients. They have demonstrated high efficacy even in the higher-risk patient subgroup. One
important aspect of treatment with BCR inhibitors is the development of lymphocytosis, often
transient, mediated by the migration of CLL cells from the bone marrow and lymph nodes to
the peripheral blood, where cell survival is decreased.

3.2.1. Ibrutinib

Ibrutinib is an oral small molecule that acts as an irreversible covalent inhibitor of the BTK
resulting in an inhibition of the BCR signalling pathway. It is the first BCR inhibitor approved

Leukemias - Updates and New Insights232



for previously untreated CLL patients was based on the results of a phase III trial only
preliminary reported, comparing ofatumumab in combination with chlorambucil to single-
agent chlorambucil in 447 patients in whom fludarabine-based therapy was considered to be
inappropriate. The ofatumumab + chlorambucil arm demonstrated superiority with a higher
OR (82 % vs. 69 %), CR (12 % vs. 1 %) and PFS (22.4 vs. 13.1 months) [84]. Anyway, a formal
comparative trial of ofatumumab versus rituximab is missing, and therefore, the real value of
ofatumumab remains to be determined.

3.1.2. Obinutuzumab (GA101)

Obinutuzumab is a new second-generation recombinant humanized anti-CD20, glycoengi‐
neered to increase its affinity in binding the type 2 CD20 epitope. Obinutuzumab produ‐
ces an increased ADCC and direct cytotoxicity, with lower complement-mediated toxicity.
The FDA approved this drug for its use in combination with chlorambucil for the treat‐
ment  of  patients  with  previously  untreated  CLL,  in  view of  the  primary  results  of  the
CLL-11 trial [85]. This study consisted of a phase III international clinical trial that compared
chlorambucil  (Clb)  versus chlorambucil  plus rituximab (R-Clb)  versus chlorambucil  plus
obinutuzumab  (O-Clb)  in  previously  untreated  CLL  patients  not  candidates  to  receive
fludarabine.  Patients  in the O-Clb arm achieved a higher OR rate and a prolonged PFS
compared to  patients  in  the R-Clb arm and a  benefit  in  OS,  PFS and OR rate  than pa‐
tients receiving Clb alone. Grade 3 and 4 neutropenia and infusion reactions were more
common  with  O-Clb  than  with  R-Clb,  but  the  risk  of  infection  was  not  increased.  An
updated analysis of this trial has been recently published, confirming the PFS benefit in the
arm of O-Clb vs. R-Clb (29.2 versus 15.4 months, P<0.001) and reporting a longer TTFT in
the arm of O-Clb vs. R-Clb (42.7 versus 32.7 months, P<0.001). The previously observed OS
benefit of G-Clb over Clb monotherapy was confirmed [86].

3.2. B-Cell receptor signalling pathway

The B-cell receptor (BCR) signalling pathway is vital for CLL cell survival and proliferation
and therefore constitutes an important new strategy for targeted therapy in CLL. Bruton
tyrosine kinase (BTK) or phosphoinositide 3'-kinase (PI3K) constitutes some of the key kinases
in this pathway. Inhibitors of these kinases have been under investigation in patients with CLL
with promising clinical results and minimal toxicity. In fact, ibrutinib and idelalisib, two oral
compounds given as continuous treatment, have been recently approved for treatment of CLL
patients. They have demonstrated high efficacy even in the higher-risk patient subgroup. One
important aspect of treatment with BCR inhibitors is the development of lymphocytosis, often
transient, mediated by the migration of CLL cells from the bone marrow and lymph nodes to
the peripheral blood, where cell survival is decreased.

3.2.1. Ibrutinib

Ibrutinib is an oral small molecule that acts as an irreversible covalent inhibitor of the BTK
resulting in an inhibition of the BCR signalling pathway. It is the first BCR inhibitor approved

Leukemias - Updates and New Insights232

by the FDA and EMA for the treatment of relapsed or refractory CLL and as a first-line
treatment in cases of 17p- or TP53 mutations in patients unsuitable for chemo-immunotherapy.
Ibrutinib was approved in light of the results of a phase Ib/II multicentre clinical trial that
included 85 refractory or relapsed CLL patients to receive ibrutinib at different doses [87]. The
population represented at this trial had a high-risk disease with 33 % of 17p-, 36 % of 11q- and
a median of four prior therapies. The results were encouraging with an OR rate independent
of adverse risk factors of 71 % and an additional 15–20 % of patients with partial response with
persistent lymphocytosis but reduced lymph nodes. The estimated 26-month PFS was 75 %,
suggesting that ibrutinib responses are quite durable. Ibrutinib was well tolerated with
predominant adverse events being grade 1 or 2 including transient diarrhoea, fatigue and
upper respiratory tract infections. Subsequently, a multicentric randomized phase III com‐
pared ibrutinib with ofatumumab in a group of previously treated patients not candidates for
purine analogues [88]. The trial was stopped early after interim analysis because of a significant
improvement in OS and PFS in the ibrutinib arm. The promising results of these trials
prompted out combination studies that are currently ongoing or have been completed.
Combinations of ibrutinib plus rituximab or ibrutinib plus bendamustine and rituximab have
also been explored in different trials that enrolled high-risk, refractory or relapsed CLL
patients, obtaining OR rates between 93 % and 95%, with an acceptable toxicity profile and
being effective even in the subgroups of patients with 17p- or TP53 mutations [89,90]. In
summary, ibrutinib is a well-tolerated drug that has been demonstrated to produce high
response rates even in high-risk CLLs. The combination of ibrutinib with other drugs is under
investigation and will hopefully change the actual paradigm of CLL treatment due to the
encouraging preliminary results. Unfortunately, resistances and progressions to Richter
syndrome have been described with a dismal prognosis in these cases.

3.2.2. Idelalisib (CAL-101)

Idelalisib is an oral selective inhibitor of PI3K that produces apoptosis in CLL cells. It has been
approved by the FDA and EMA for use in combination with rituximab for patients who have
received at least one prior therapy or as first-line treatment in the presence of 17p deletion or
TP53 mutation in patients unsuitable for chemo-immunotherapy. The efficacy of idelalisib in
combination with rituximab was assessed in a multicentre randomized phase III trial that
compared idelalisib plus rituximab with idelalisib plus placebo in patients with relapsed CLL.
Most of the patients enrolled had adverse prognostic factors including 17p-, TP53 mutations
or M-CLL. Idelalisib obtained a higher OR rate than placebo (81 % vs. 13 %, P> 0.001) and a
superior OS (92 % vs. 80 % at 12 months, P=0.02). PFS at 24 weeks was 93 % in the idelalisib
group compared with 46 % in the placebo group (P<0.001). Serious adverse events occurred
in both groups in a proportion of 40 % (idelalisib) and 35 % (placebo). These included pneu‐
monia, pyrexia and febrile neutropenia. The benefit of idelalisib was maintained among
patients with adverse genetic features. Analogously to ibrutinib, lymphocytosis with node
response was observed in some patients [91]. In view of this exciting results, further trials with
idelalisib in combination with bendamustine, fludarabine or chlorambucil in patients with
relapsed or refractory CLL are being performed, confirming the feasibility and benefits of these
combinations [92].
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3.3. Bcl-2 inhibitors

B-cell lymphoma-2 (Bcl-2) proteins, encoded by the Bcl-2 gene, are expressed at high levels in
CLL cells. These proteins contribute to the regulation of the apoptotic process and therefore
constitute an important therapeutic target for CLL.

3.3.1. ABT-263 (navitoclax)

Navitoclax is an orally bioavailable BCL-2 inhibitor that binds to several antiapoptotic BCL-2
family proteins including BCL-2, BCL-XL, BCL-x and BCL-B. A phase I trial conducted to
evaluate the biologic activity, safety and pharmacokinetics of ABT-263 demonstrated encour‐
aging results for this molecule as a single agent, even in patients with fludarabine-refractory
disease, bulky adenopathy or 17p-. However, its therapeutic use was limited because of severe
thrombocytopenia, observed as an important adverse effect in 28 % of the patients due to the
inhibition of BCL-XL.

3.3.2. GDC-0199/ABT-199 (venetoclax)

GDC-0199/ABT-199 is a small molecule reengineered to decrease the thrombocytopenia side
effect of navitoclax. ABT-199 produces a selective inhibition BCL-2 with a reduced effect
on BCL-XL. It has shown promising results in a phase I trial that enrolled 56 refractory or
relapsed CLL patients, 29 % with 17p- and 32 % with fludarabine resistance [93]. The major
side  effects  included  tumour  lysis  syndrome  and  neutropenia.  Interestingly,  ABT-199
yielded an OR rate of 85 %, with 13 % of complete responses and 72% of partial respons‐
es. These encouraging results were also observed in high-risk patients, with a response rate
of 88 % and 75 % in patients with 17p- and fludarabine refractory, respectively. Clearly,
these data indicate that Bcl-2 inhibitors will  play an important role in the future for the
treatment  of  CLL  patients,  and  therefore,  ABT-199  is  currently  being  investigated  in
combination with immuno-chemotherapy.

3.4. Immunomodulatory drugs

Changes in the microenvironment of tumour cells promote the selective survival of malignant
CLL cells preventing apoptosis. Immunomodulatory drugs act by altering cellular features
and the cytokines of tumour microenvironment. In fact, lenalidomide has been shown to be
effective in CLL.

3.4.1. Lenalidomide

Lenalidomide is an oral second-generation immunomodulatory drug with antiangiogenic,
cytokine activity modulating, and immunomodule properties. It has been demonstrated to be
active in MDS, multiple myeloma and lymphoproliferative disorders. The first phase II trials
that tested lenalidomide in relapsed or refractory CLL obtained an OR rate between 32 % and
47 %. The major adverse effects reported were myelotoxicity, tumour flare and tumour lysis
syndrome, all of them ameliorated with lower doses of lenalidomide [94,95]. Lenalidomide
was also tested as a front-line therapy for CLL patients in another two trials with a different
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dosing, but both with a low initial dose (2.5–5 mg daily) and a further escalation to a target of
25 mg. These trials obtained an OR rate between 56 % and 65 %. A high proportion of tumour
flare reactions were observed in one of them, although they were mild. Grade 3 or 4 neutro‐
penia was also frequent but without serious consequences. A recent update of one of these
studies showed that at a median follow-up of 4 years, time to treatment failure had not been
reached and OS was 86 %. These studies showed that lenalidomide is effective as first-line
therapy for CLL and is well tolerated when administered in a dose escalation plan [96–98].
Lenalidomide has also been tested in combination with other drugs. In a phase II trial, patients
with relapsed or refractory CLL received a combination of rituximab and lenalidomide
obtaining an OR rate of 66 % including 12 % of complete responses. Seventy-three percent of
patients showed neutropenia (grade 3 or 4), and only 1 episode of grade 3 tumour lysis was
reported. Another phase II study of lenalidomide and rituximab was performed, this time as
a first-line therapy. The OR rate was 88 %, including 15 % of complete responses. Again,
neutropenia was the most common adverse event [99,100]. Additional combinations are
currently under study, as well as maintenance therapy after chemo-immunotherapy.

3.5. Chimeric antigen receptors

Chimeric antigen receptors (CARs) are engineered constructs that combine the antigen
recognition domain of an antibody with intracellular signalling domains into a single chimeric
protein. CD19 antigen is exclusively expressed in B-cells and therefore is a very suitable target
for the treatment of CLL with CARs. Indeed, a pivot clinical trial proved the important
antitumor activity of this CAR-modified autologous T-cells targeted to CD19 (CART19 cells)
in three patients with refractory CLL [101]. Two out of the three patients achieved a complete
response lasting longer than two years and the other patient a partial stable response. Toxicities
included hypogammaglobulinemia, decreased number of plasma-cells and B-cell aplasia. The
CART19 cells expanded > 1,000-fold in vivo and expressed functional CARs for at least six
months, and a proportion of them persisted as memory CART19 cells. On average, each infused
CAR-expressing T-cell was calculated to eradicate at least 1,000 CLL cells. In another study,
ten patients with refractory CLL or relapsed B-cell acute lymphoblastic leukaemia (ALL) were
treated with CART19 modified to express a second-generation CAR anti-CD19. Three of the
four evaluable patients with bulky CLL who received prior treatment with cyclophosphamide
experienced either a significant reduction or a mixed response in lymphadenopathy without
development of B-cell aplasia. The short-term persistence of infused T-cells was enhanced by
previous administration of cyclophosphamide and was inversely proportional to the tumour
burden in peripheral blood [102]. In addition, a longer follow-up from ten patients treated with
CART19 was reported. The study included nine adults with relapse or refractory CLL, three
patients with p53 deletion and a child with relapsed and refractory ALL [103]. CLL patients
received chemotherapy regimens 4–6 days before CART19 infusions. Four of the nine evalu‐
able patients achieved a complete response, including three patients with CLL. Two additional
patients from the CLL group had a partial response lasting from three to five months, and
three patients did not respond. In the four patients who achieved complete response, maximal
expanded cells in peripheral blood were detected at an average of 27-fold higher than the
infused dose. No patients with complete response relapsed. Patients who responded devel‐
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oped a cytokine release syndrome manifested by fever, as well as variable degrees of anorexia,
nausea, transient hypotension and hypoxia. In responding CLL patients, cytokine levels were
increased, and five patients with cytokine release required treatment. In summary, CART19
can induce potent and sustained responses in patients with advance, refractory and high-risk
CLL. However, further research is needed to ascertain the efficacy of this therapy and minimize
associated cytokine-mediated toxicities.
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Abstract

Chronic lymphocytic leukemia (CLL) has been considered as an accumulative disease
deriving from defects in apoptosis, but recent studies showed that CLL is a dynamic
process in which monoclonal B cells proliferate within pseudofollicular proliferation
centers. Microenvironmental interactions are essential for the survival and prolifera‐
tion of CLL cells. The cell traffic between blood and secondary lymphoid tissues is
controlled by tissue-specific chemokines and their specific receptors on B lympho‐
cytes. Interstitial cell migration and adhesion events, predisposed by activational
stimuli, determine CLL cell localization. Stimulation through the B cell receptor plays
an important role in the expansion of the malignant clone in CLL. B cell receptors
become activated either in an antigen-dependent or in an antigen-independent
fashion in the secondary lymphatic tissues. However, low expression of the BCR
correlates with reduced induction of protein tyrosine kinase activity and defective
intracellular calcium mobilization and tyrosine phosphorylation. In contrast to
normal B cells, leukemic cells are poor antigen presenting cells. This is due to the fact
that leukemic cells have a reduced expression of costimulatory molecules and defects
in the formation of immunological synapse with T cells. Increased surface expression
of the costimulatory molecules on CLL cells correlates with their proliferation. At
present, conventional treatments are not directed to interactions between CLL cells
and their microenvironment, which is probably one of the reasons why, despite the
significant progress in treatment, the disease still remains incurable. In this regard,
identifying key biomarkers of intercellular interactions of neoplastic CLL population
in comparison with clinical laboratory abnormalities in CLL enable clarification of
essential processes in the development of the disease, and can be the basis for
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stratifying patient groups in order to optimize therapeutic approaches, which will
make them relevant and promising.

Keywords: Chronic lymphocytic leukemia, Microenvironment, B cell receptor com‐
plex, Chemokine receptors, Cell adhesion molecules, Costimulatory receptors

1. Introduction

Chronic lymphocytic leukemia (CLL) is a disease with highly variable clinical manifestation
and course ranging from an aggressive, life-threatening disease to an indolent form, which
does not require treatment for many years. Current clinical staging systems are accessible and
easy to apply; however, they do not allow a sufficiently accurate opportunity for individual
assessment of the disease progression. Recently, significant progress has been made in our
understanding of CLL pathogenesis. CLL has been considered as an accumulative disease
deriving from an inherent defect in apoptosis, but recent studies showed that it is a dynamic
process, wherein monoclonal B cells proliferate within pseudofollicular proliferation centers,
hallmark of histopathology on this disease.

CLL cells interact with different types of cells, such as mesenchymal stromal cells (MSC),
monocyte-derived nurse-like cells (NLC), follicular dendritic cells (FDC), and T cells. Micro‐
environmental interactions are critical for the survival and proliferation of the leukemic cells.
A key role in the pathogenesis of the disease is given to the B cell receptors (BCRs), which in
the secondary lymphatic tissues become activated either by antigen-dependent or in an
antigen-independent fashion. The proliferative drive for the malignant cells is dependent from
external microenvironmental signals, and the CLL cells undergo apoptosis unless their
survival is reinforced by these external stimuli.

The cell traffic between the blood and secondary lymphoid tissues is controlled by tissue-
specific chemokines and their specific receptors. B cells express CD184 (CXCR4) as a functional
receptor, responsible for directing them mainly to the bone marrow (BM) environment. The
specific ligand CXCL12 has been shown to have anti-apoptotic effects on CLL cells and protect
them from spontaneous and chemotherapy-induced apoptosis in a contact-dependent manner
via stromal cells or nurse-like cells. The chemokine receptor CD185 (CXCR5) plays an impor‐
tant role in lymphocyte homing guiding B cells into the B cell zone of secondary lymphoid
organs and, together with CD197 (CCR7) (positioning in T cell zones of secondary lymphoid
tissues), ensures the close contact between T and B cells and activation. CLL cells secrete
chemokines as CCL3, CCL4, and CCL22, and therefore an autocrine way of stimulation on
monoclonal B cells is also suggested.

Interstitial cell migration and adhesion events, influenced by activating stimuli, determine CLL
cell localization. CD44 has been implicated in cell activation, migration, and tissue retention
via binding to its extracellular matrix ligand hyaluronan. CD38, CD49d, MMP9, and CD44 are
physically associated in a supramolecular cell surface complex; however, the complex is not
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present in normal B cells. Taking into account the known properties of the individual molecules
and their functional overlap, it seems that the complex CD38 / CD49d / MMP9 / CD44 plays a
role in the migration into the tissues and in pro-survival signaling.

Stimulation through the BCR plays an important role in the selection and expansion of the
malignant clone in CLL, and the prognostic impact of the mutational status of immunoglobulin
heavy chain variable region (IGHV) genes could be considered as a consequence of the
relevance of this process in CLL. Low expression of the BCR correlates with the reduced
induction of protein tyrosine kinase activity and defective intracellular calcium mobilization
and tyrosine phosphorylation. Although there are individual differences among patients,
almost all CLL cases display very low levels of surface IgM and CD79b.

Costimulatory receptors on monoclonal B cells are expressed throughout B-cell development
and are implicated in cell survival and differentiation. CD40/CD40L interaction stimulates B
cells to proliferate, differentiate, upregulate costimulatory molecules, and increase antigen
presentation. In contrast to normal B cells, leukemic cells are poor antigen presenting cells.
This is due to the fact that leukemic cells have a reduced expression of costimulatory molecules
such as CD80 and CD86 and they have a defect in the formation of immunological synapse
with T cells. Surface expression of the costimulatory molecules CD80 and CD86 on CLL cells
is increased with their proliferation. CD267 (transmembrane activator calcium modulator and
cyclophilin ligand interactor - TACI) was identified as a receptor for B cell-activating factor
(BAFF) and A proliferation-inducing ligand (APRIL), two members of the TNF ligand family.
Both ligands induce proliferation, activation, and the survival of B cells, therefore the variable
expression of CD267, detected in patients with CLL, is probably important for the disease
characteristics.

The advances in fundamental understanding of the disease mechanisms in CLL will lead to
improved therapies for patients. At present, conventional treatments are not directed to the
interactions between CLL cells and their microenvironment, which is probably one of the
reasons why, despite the significant progress in treatment, the disease still remains incurable.
In this regard, studies on key biomarkers of intercellular interactions of the leukemic popula‐
tion enable clarification of key processes in the development of the disease, and can be the
basis for defining a separate risk patient group to optimize therapeutic approaches, which will
make them relevant and promising.

2. Microenvironment: Cells and interactions

Malignant B lymphocytes develop in the specific tissue microenvironment of the lymph node
and eventually in the bone marrow (BM), where they interact with various cell populations -
mesenchymal stromal cells (MSC), monocyte-derived nurse-like cells (NLC), follicular
dendritic cells (FDC), and T cells. Unlike the non-dividing cells circulating in the peripheral
blood (PB), tissue B cells proliferate (0.1–1% of the clone per day) [1]. This process occurs in
pseudofollicular proliferation centers [2, 3]. The interaction of the leukemic cells with the
microenvironment is similar to the model of normal B-cell engagement. Secondary lymphoid
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tissues are the place, where the B cell receptor (BCR) of monoclonal cells is activated [4] by
microbial antigens, autoantigens [5], or independently of antigens [6, 7]. Activation triggers a
signaling cascade facilitated by additional stimulatory signals, which results in the clone
growth.

2.1. Т lymphocytes

The interaction between monoclonal B lymphocytes and T lymphocytes is an important
component of the malignant process. T cells are extremely important for malignant prolifera‐
tion [8]. This was proven in a mouse xenograft model of CLL, in which activated CD41+ T cells
proved to be a necessary condition for CLL cell proliferation. In patients suffering from this
disease, T cells, mainly CD41+, often constitute a significant fraction of the lymphoid infiltrate
in bone marrow and lymph nodes [9], located within and around proliferation centers [10,
11]. One of the factors mediating the migration to the particular location is the expression of
the CD197 (CCR7) chemokine receptor on T cells, which facilitates recirculation through
secondary lymphoid tissues, following the gradient of its specific ligands CCL19 and CCL21
secreted in the T-cell zone of the lymph node [12]. The CD40 receptor, a key modulator of the
interaction between B- and T-lymphocytes, is stimulated by CD41+ T cells, which express its
ligand CD154 (CD40L) [13] and are co-localized with leukemic cells in the proliferation centers
[14]. In addition to the interactions through a direct intercellular contact, T lymphocytes secrete
soluble active molecules, interleukins, cytokines, and chemokines, which stimulate prolifera‐
tion and inhibit apoptosis of monoclonal B cells. Interleukin-4 (IL-4) inhibits spontaneous and
drug-induced apoptosis through a mechanism causing hyperproduction of Bcl-2 [15]. The
concurrent action of IL-2 [16] and Tumor Necrosis Factor-α (TNF-α) [17, 18] induces malignant
proliferation. Interferon-γ (IFNγ) [19], IFNα [20], and IL-13 [21] have a similar effect. Leukemic
cells also change the cellular component of the immune system by the production of immu‐
nosuppressive cytokines Tumor Growth Factor-β (TGF-β) [22] and IL-10 [23] and the expres‐
sion of low levels of the adhesion and costimulatory molecules [24], thus leading to the increase
and dysfunction of regulatory T lymphocytes [25, 26]. The gene expression profile (GEP) of T
cells from patients with CLL shows multiple changes in the genes participating mostly in
cellular differentiation, cytoskeleton, traffic, and cytotoxicity, which leads to an inhibited
immune response [27].

2.2. Mesenchymal Stromal Cells (MSCs)

МSCs are another major cellular component of tissue microenvironment. These cells are a
heterogeneous population, performing structural and functional interactions in normal
hemopoiesis [28]. Stromal cells secrete cytokines, chemokines, proangiogenic factors, and
extracellular matrix components. They express surface receptors, which mainly regulate
migration and facilitate the survival of CLL lymphocytes. The interaction of the leukemic cells
with МSC is in both directions. Not only monoclonal B cells migrate and are activated under
the influence of МSC, but vice versa, they also activate them and induce stromal-cell prolifer‐
ation and the secretion of mediators that increase the intensity of the malignant process [29,
30, 31, 32]. In the lymphoid tissues of patients with CLL, stromal cells are diffusely distributed
within the entire tissue and in the perivascular spaces, where they are mixed with leukemic
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cells [33]. CLL lymphocytes cultured with bone-marrow stromal cells avoid both the sponta‐
neous and drug-induced apoptosis [34, 35], through a mechanism dependent on direct
intercellular contact [34]. CXCL12 secreted by the stromal cells directs the migration of the
leukemic cells, which express the CXCR4 (CD184) receptor, through the stroma, and facilitate
the penetration beneath it (a phenomenon called pseudoemperipolesis) [35]. Surface receptors
and extracellular matrix elements induce anti-apoptotic stimuli in CLL lymphocytes, which
are in contact with the stroma. Adhesion of tumor cells to stromal cells is mediated by the β1
and β2 integrins [36]. MSCs express Vascular Cell Adhesion Molecule 1 (VCAM-1) [37].
Attachment of α4β1 integrin (CD49d/CD29) to VCAM-1 or to the extracellular matrix compo‐
nent fibronectin protects CLL cells from a spontaneous or Fludarabine-induced apoptosis [36,
38] by means of PI3K/AKT signals and the increase of BCL-XL [39]. The interaction of the
leukemic cell with the stroma also includes Matrix metalloproteinase-9 (MMP-9), Vascular
Endothelial Growth Factor (VEGF), and endothelial cells. MMP-9 is the main matrix metallo‐
proteinase produced by monoclonal B cells; it enhances extravasation and infiltration in
lymphoid tissue by means of the proteolytic degradation of basal membranes and extracellular
matrix components [40]. Regardless of its proteolytic activity, MMP-9 partially mediates anti-
apoptotic signals in the leukemic clone when cultured with bone-marrow stromal cells [41].
The attachment of MMP-9 to α4β1 and CD44v in CLL lymphocytes leads to the activation of
the Lck/Yes novel tyrosine kinase (LYN) and the Signal Transducer and Activator of Tran‐
scription 3 (STAT3) [39]. The expression of MMP-9 from leukemic cells is regulated by the
α4β1 integrins and CXCL12 [40]. Monoclonal B lymphocytes in the bone marrow and lymph
nodes express elevated levels of surface MMP-9, which shows the activation of tumor cells in
tissues microenvironment [39].

2.3. Follicular dendritic cells

Follicular dendritic cells (FDC) are accessory cells in normal germinal centers, where they catch
and retain antigen–antibody complexes on their cellular surfaces and present antigens to the
B cells. After binding to immune complexes, normal B lymphocytes in the germinal center
differentiate to memory B lymphocytes or plasma cells [42]. Normally, FDC are localized in
secondary lymphoid tissues but not in the bone marrow [43], while in CLL these cells are
localized in lymph node pseudofollicles [44, 45] and in nodular bone marrow infiltrates [46].
They secrete important anti-apoptotic and growth factors including BAFF, IL-15, and express
adhesion molecules Vascular Cell Adhesion Molecule-1 (VCAM-1), Intercellular Adhesion
Molecule-1 (ICAM-1), Plexin B1, and CD44 [42, 44]. The effects of FDC on malignant B
lymphocytes have been studied on a follicular dendritic cell line (HK). There is evidence that
HK cells facilitate the survival of B cells, protect them from a spontaneous or drug-induced
apoptosis via the direct intercellular contact mechanism [47].

2.4. Tissue associated macrophages

Tissue associated macrophages have been studied in an in vitro model - NLC. In case of
continuous culturing of peripheral blood mononuclear cells of CLL patients, large, rounded,
rarely binuclear, CD68 expressing cells grow [48, 49]. NLC take this name since they contribute
to the growth and survival of the CLL cells. Cells of a similar phenotype can be found in vivo
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[49] in the secondary lymphoid organs of patients with CLL, but their number in the tissues
is generally low [33]. NLC differentiate from monocytes as this differentiation depends on
intercellular contacts with CLL lymphocytes. When monocytes from healthy individuals are
co-cultured with leukemic cells, they differentiate to NLC; however normal B cells are unable
to induce this differentiation [49]. NLC secrete chemokines (CXCL12 and CXCL13) and growth
factors such as BAFF and APRIL, hold leukemic cells within tissues, and facilitate their survival
and proliferation [50, 51, 52]. Malignant cells also express BAFF, APRIL, and their receptors,
however, at a significantly lower rate [53, 54, 55], B-cell maturation antigen (BCMA) and CD267
(TACI). Two receptors connect APRIL–BCMA and TACI. Ligands BAFF and/or APRIL lower
the spontaneous and drug-induced apoptosis of CLL cells [53, 54, 55]. In recent years, it has
been proven experimentally that BAFF in cooperation with MYC protein, that plays a role in
cell cycle progression, apoptosis and cellular transformation, causes the development of
lymphocytic proliferation in mice that is similar to CLL [56]. MYC and its target genes are
highly expressed in CLL cells in lymph nodes [4], which is stimulated by BAFF [56] and BCR
activation in vitro [57].

2.5. Monoclonal B cells

The cell traffic between the blood and secondary lymphoid tissues is controlled by tissue-
specific chemokines and their specific receptors on lymphocytes. The chemokine receptors
expressed on neoplastic CLL cells drive migration to proliferation centers (Figure 1; Table 1).

3. Chemokine receptors on monoclonal B cells

3.1. CD184 (CXCR4) expression

The CD184 receptor binds CXCL12 (stromal cell-derived factor-1/SDF-1), a ligand character‐
ized as a pre-B cell growth factor [58]. It is highly expressed on the peripheral blood leukemic
cells surface, facilitates the chemotactic migration through vascular endothelium to bone
marrow stromal cells following the CXCL12 gradient [35, 48, 55, 58, 59]. CD184 surface
expression is regulated by the ligand CXCL12 through receptor endocytosis occurring as a
result of activation [58]. This feature can be used to distinguish tissue leukemic cells expressing
low levels of CD184 from blood CLL cells, which express high levels of CD184 [4, 58]. Prolif‐
erating CLL lymphocytes from bone marrow and lymphoid tissue show significantly lower
levels of CXCR4 and CXCR5, compared to the non-proliferating ones [60, 61]. The BCR signals
also decrease the expression of CD184 [62, 63]. As BCR signals may increase via Zap-70 [64],
monoclonal B lymphocytes expressing Zap-70 have increased chemotaxis and survival as a
response to CXCL12 compared to Zap-70 negative leukemic cells [65], the result of increased
BCR signals. Leukemic cells expressing CD38 also show increased chemotaxis [66] compared
to CXCL12, which can be inhibited by blocking with anti-CD38 monoclonal antibodies [67].
The signals conducted by CD184 induce mobilization of calcium, activation of PI3Ks [58],
p44/42 MAPKs [48], and serine phosphorylation of STAT3 [35]. The signals conducted by
CD184 can be inhibited by selective isomorphic inhibitors - the PI3K inhibitors [68] and the
spleen tyrosine kinase (SYK) inhibitors [62], thus resulting in impaired migration of both the
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normal B cells and the leukemic cells. According to some research teams, the levels of CXCR4
and its ligand CXCL12 correlate to well-established clinical parameters such as the Rai staging
system, while other researchers do not observe correlation with the clinical stage of the disease
or with the type of bone marrow infiltration, instead they report correlation with the lympho‐
cyte count [69, 70]. It should be considered that CD184 is a constitutionally expressed receptor
of B lymphocytes, which could explain the contradictory findings of the different research
teams [71].

3.2. CD181 and CD182 expression

CD181 (CXCR1) and CD182 (CXCR2) have a common ligand - CXCL8. Monoclonal B cells
secrete CXCL8 and express its receptors, which implies both the autocrine and paracrine
stimulation of tumor cell through CXCL8. This stimulation leads to increased expression of
anti-apoptotic protein Bcl-2 and survival of the clone [72].

3.3. CD183 expression

The chemokine receptor CD183 (CXCR3) interacts with three ligands (CXCL9, CXCL10, and
CXCL11) [73]. CD183 is expressed on the surface of malignant cells as a functional receptor
facilitating a directed drive and invasion [70, 73]. Leukemic cells express CXCL9, which
constitutes proof of the autocrine way of a neoplastic growth stimulation, in addition to the
paracrine way. Studies show correlation between the low expression of CD183 in the advanced
stage of the disease (Rai III and Rai IV), non-mutated IGHV status, high CD38 expression, and
the shortened general survival span of the patients. It is suggested that the lower levels of
CD183 could be used as an independent adverse prognostic factor [74]. Nevertheless, the
significance of CXCR3 remains disputable.

Figure 1. Chemokine receptors and chemokines involved in monoclonal B cell activation, migration, and proliferation
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3.4. CD197 expression

CD197 (CCR7) is the main receptor responsible for the traffic of dendritic cells, the B- and T-
lymphocytes through the high endothelial venules and their localization in the T cell zones of
the secondary lymphoid organs. Its ligands - CCL19 and CCL21 are expressed in the T cell
zone of secondary mucosa-associated tissues and high endothelial venules but not in the B cell
zones, sinuses, and peripheral blood. CD197 is expressed mainly by naïve T lymphocytes but
can be detected at certain levels also on B lymphocytes. The role of the receptor for the
development of the secondary lymphoid organs has also been proven [12]. The expression of
CD197 on leukemic B cells is significantly higher in patients with lymphadenopathy, compared
to patients with organomegaly. The CD197-CCL21 binding activates intracellular signaling
pathways, which lead to elevated expression of MMP-9 and infiltration of leukemic cells
through basal membranes [12]. The increased expression of CD197 on Zap-70+ CLL cells
enhances the response of CD197 to ligands [64], and the CD5 phosphorylation additionally
stimulates its surface expression [75]. The binding of both CD197 and CD185 to the respective
ligands elevates the expression of the partially expressed gene 10 (PEG10) in CD23+ CD5+ CLL
cells. The increased synthesis of protein stabilizes caspase-3 and caspase-8 (which normally
are pro-apoptotic proteins), protects them from degradation, thus leading to suppression of
the TNF-α induced apoptosis [76, 77]. A correlation of CD197 with the Rai staging system has
been found, which shows the need of further studies on the possible prognostic significance
of this receptor [71].

RECEPTOR LIGAND CLL EXPRESSION FUNCTION

CD181 (CXCR1)
CD182 (CXCR2)

CXCL8 (IL-8) Aberrant or activation expression
Inhibition of apoptosis by up-
regulation of Bcl-2

CD183 (CXCR3)
CXCL9, CXCL10,
CXCL11

Low to moderate continuous
expression

Th1 response, inflammation,
integrin activation, chemotaxis
migration

CD184 (CXCR4) CXCL12
High, low in receptor endocytosis
as a result of interaction with
CXCL12

Contact-dependent inhibition of
apoptosis. Migration and homing

CD185 (CXCR5) CXCL13 High
Migration,
inhibition of apoptosis

CD197 (CCR7)
CCL19,
CCL21

Moderate to high, correlates with
lymphadenopathy

Inhibition of apoptosis

Table 1. Chemokine receptors and corresponding chemokines

3.5. Chemokines secreted by B cells

Activated monoclonal lymphocytes secrete the CCL3, CCL4 [59], and CCL22 [13] chemokines
that participate in the adaptive immune response and are chemo-attractants for T lymphocytes
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Migration,
inhibition of apoptosis

CD197 (CCR7)
CCL19,
CCL21

Moderate to high, correlates with
lymphadenopathy

Inhibition of apoptosis

Table 1. Chemokine receptors and corresponding chemokines

3.5. Chemokines secreted by B cells

Activated monoclonal lymphocytes secrete the CCL3, CCL4 [59], and CCL22 [13] chemokines
that participate in the adaptive immune response and are chemo-attractants for T lymphocytes
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and monocytes (Table 2). CCL3 and CCL4 are normally secreted by B cells after the activation
through BCR and CD40–CD40L interaction [59, 62]. CCL3 secreted from tumor cells induces
T cell traffic to the activated CD38+/Ki-67+ leukemic lymphocytes for the purpose of enabling
intercellular interactions, which enhance proliferation [62]. Similarly to CCL3 and CCL4,
CCL22 participates in the process of attraction of T cells in tissues. It acts as a secondary signal
to T lymphocytes; its secretion from malignant cells starts after attachment of CD40 to CD40L
[13]. The monoclonal population in peripheral blood does not secrete CCL22; secretion is
observed in lymph nodes and bone marrow, probably also as a result of the attachment to
CD40. In classifying CLL patients on the basis of their response to CD40 ligation, it was found
that the patients who did not show a response have less time until disease progression and a
possibility for proliferation of B cells in conditions of lower stromal stimuli [78] (Figure 1).

CHEMOKINE RECEPTOR CLL EXPRESSION SUPPOSED FUNCTIONS

CCL3
CCR1,
CCR5

After activation by BCR, higher in
Zap-70+ CLL-cells, SYK–
dependent

In case of inflammation, activation of
polymorphonuclear leukocytes and B
cells
Supports T cells in T-B cell interactionsCCL4 CCR5

CCL22 CCR4 After CD40 ligation Supports regulatory T cells

Table 2. Chemokine receptors and corresponding chemokines secreted from CLL cell [72]

4. Cell adhesion molecules on monoclonal B cells

Adhesion molecules facilitate the migration of leukemic cells to proliferation centers in bone
marrow and secondary lymphoid tissues [79]; some of them show anti-apoptotic activity and
a relation to drug resistance by binding to their receptors, which are expressed from bone-
marrow stromal cells. The profile of CLL cells in regards to adhesion molecules has been the
subject of studies in recent years since it determines the capacity of leukemic lymphocytes for
response to chemokines and migration to regions, where antigens and additional activation
stimuli influence B lymphocytes (Figure 2).

4.1. CD38 expression

The CD38 receptor performs and modulates a series of intracellular signals initiated by the
cells of microenvironment. The percentage of CD38+ cells in the CLL clone is an indicator of
the current level of cell activation; the cells with a higher expression of CD38 are better receivers
of activation signals and hence the more aggressive portion of the malignant lymphocytes.
Studies on patients with CLL using the incorporation in vivo of deuterium (2H) in the form of
heavy water (2H2O) in a cellular DNA have proved higher proliferation rate of CD38+
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lymphocytes in comparison to CD38− cells [1]. CD38 + B lymphocytes react more effectively in
binding to surface immunoglobulins (sIg), with Zap-70 also participating in this process. The
ligand of CD38–CD31 is expressed on vascular endothelium cells and facilitates cell adhesion.
The aggressiveness of CD38+ lymphocytes is mediated by their ability to migrate and interact
with the cellular microenvironment. CD38 and Zap-70 are functionally related and define the
cells with a higher migration potential [66]. In most of CLL patients, the proportion of CD38+
cells does not exceed a threshold of 30%, which defines the clone as positive. Disease progres‐
sion is more common in the smaller proportion of patients with a CD38 expression defined as
positive [80]. The higher proliferative potential of these lymphocytes suggests novel genomic
disorders and clonal evolution [81, 82, 83, 84], which is supported by the increased incidence
of the observed 11q and 17p deletions [85].

4.2. CD49d expression

The level of CD49d (VLA-4) positive B lymphocytes has been recognized as an independent
prognostic factor in CLL. CD49d is α-integrin subunit (α4), which together with CD29 (β1
subunit) forms the α4β1 integrin binding fibronectin and VCAM-1. Similarly to other integrins,
α4β1 mediates the adhesion of cells to the extracellular matrix, the first step of cell migration.
CD49d and CD38 participate in the formation of a large macromolecular complex that includes
CD49d, CD38, CD44v, and MMP-9 and has been observed in CLL cells without somatic
mutations [86]. The physical and functional binding between CD49d/CD29 and CD38 has been
proven in CLL [87].

In recent years, CD49d adhesion molecule facilitating both the intercellular contact and the
adhesion to extracellular matrix has been established as a new prognostic marker. A multi-
center study on 2,972 patients with CLL validated the prognostic significance of CD49d as an
independent flow cytometric prognostic marker in terms of overall survival and time-to-
treatment start, as defined over a threshold of 30% [88].

4.3. CD44 expression

The CD44 protein family comprises a large group of transmembrane glycoproteins obtained
through alternative splicing and post-translational modification. The considerable degree of
heterogeneity in molecular structure predetermines various essential functions. CD44 medi‐
ates interactions between cells and the extracellular matrix, delivers signals acting as a co-
receptor for tyrosine kinases localized in cell membranes or by binding to intracellular
signaling molecules and activating intracellular signaling pathways. The expression of
different CD44 isoforms depends on the cell type, stage of activation, and differentiation. The
participation of CD44 in the development and progression of hematological neoplasms is
associated with the increase of apoptotic resistance, invasiveness, regulation of bone-marrow
infiltration, and mobilization of leukemic cells in peripheral blood [89]. The surface levels of
CD44v in CLL are associated with advanced clinical stage, resistance to therapy, and decreased
survival [90]. Unlike other cooperating adhesion molecules such as CD11a, CD49d, CD54,
CD58, and CD62L, the expression of CD44 and CD11c correlates with the splenal presentation
of the disease [91]. Soluble CD44 is associated with shortened progression free survival [92],
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while soluble CD44s and CD44v6 are associated with lymphadenopathy, advanced clinical
stage, and resistance to chemotherapy [93]. The results of an in vitro study of the anti-apoptotic
effects of CD44 in CLL cells showed protective action of cultured CLL cells with HK-cells
against spontaneous apoptosis in increased levels of Mcl-1 (a member of the anti-apoptotic
Bcl-2 family). In this study, the blocking of CD44 by monoclonal antibodies leads to a decrease
of Mcl-1 and suppression of the protective effect of HK-cells, demonstrating that the anti-
apoptotic mechanism is CD44-dependent [47]. The formation of macromolecular complexes
from CD44v, CD49d, and MMP-9 on the cells of CLL, but not on normal B lymphocytes, as
well as increased secretion of MMP-9 under the action of CD44 antibodies, reveals the
molecular mechanism of regulation of invasion [94].

4.4. CD54 expression

CD54 is a glycoprotein that is expressed on the surface of vascular endothelium cells, macro‐
phages, and lymphocytes. It binds type CD11a/CD18 and type CD11b/CD18 integrins. In case
of cytokine stimulation by IL-1 and TNF-α, the concentrations of CD54 increase significantly
[95]. Upon activation, cells connect to the endothelium via CD54–CD11a/CD18 and penetrate
tissues [96]. A significant reduction of CD54 expression levels has been demonstrated in CLL
patients compared to a control group of healthy subjects [97]. β1 and β2 integrins of the
malignant B cell, acting simultaneously, mediate the connection of CD54 to bone-marrow
stromal cells and protect them from apoptosis, while normal B lymphocytes cannot be
protected by stromal cells due to the loss of this adhesion connection [36].

Figure 2. Adhesion molecules and their main functions directly relevant to CLL
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4.5. CD62L expression

In the process of lymphocyte homing, B lymphocytes adhere and then enter sinusoidal
endothelium before invasion in efferent lymph nodes, after which they leave the lymph nodes.
CD62L (L-selectin), a member of the selectin family of adhesion molecules, plays an important
role in the traffic and homing of lymphocytes to lymph nodes [98]. CD62L is considered the
main adhesion molecule connecting B cell to sinusoidal endothelial cells through interaction
with mannose receptor [99]; therefore it is believed that CD62L participates in mechanisms
supporting the departure of lymphocytes from lymph nodes. In vitro studies of CLL cells
demonstrated that stimulation through BCR causes a decrease of CD62L, in particular the
expression on cells of patients with adverse prognostic factors and at risk of disease progres‐
sion. The decreased level of surface CD62L is due to disaffiliation from the cell membrane and
leads to an increase of its plasma levels [63]. A similar process is also seen in B cells activated
by formyl peptides and phorbol 12-myristate 13-acetate [100, 101]. Functionally, leukemic
lymphocytes, in which the expression of CD62L and CD184 decreases in a response to BCR
signals, show reduction of migration to CXCL12 and adhesion to endothelial cells of the lymph
node [63]. The adhesion molecule CD62L is the main factor for B cell departure from lymphatic
tissue via connection with lymphatic endothelium [63]. After antigen activation, B lympho‐
cytes lose surface expression of CD62L and do not adhere to the endothelium in lymph nodes
[99, 102]. These cells remain in a close contact with the microenvironment and with the antigen
stimulation, resulting in proliferation and lymph node enlargement. On the contrary, CLL
cells, which do not respond to BCR stimuli, exit lymphoid organs quickly and recirculate like
normal B lymphocytes, due to their ability to recognize a specific antigen [103]. In an in vitro
study of CLL lymphocytes, increased expression of CD62L was associated with prolonged
survival of the malignant cells. Since anti-apoptotic signals from the stromal cells were CD62L-
dependent, the inhibition of CD62L by antibodies decreased the survival of the tumor cells.
The study also showed over-expression of CD62L on malignant B lymphocytes localized in
the proliferation centers of lymph nodes and bone marrow [104]. The immunophenotypic
analysis of CLL cells in the process of culturing has demonstrated a change in the surface
markers participating in intercellular contacts and conducting anti-apoptotic signals. Blockage
of the activation and homing receptor CD62L induces cell death, equivalent to currently used
chemotherapeutics [105].

5. B cell receptor complex

В cell receptor complex (BCRC) is a multimeric complex composed of a surface immunoglo‐
bulin homodimer and a non-covalently bound heterodimer Igα/Igβ (CD79a/CD79b). The
signal pathway of BCRC supports cell proliferation and induces the production of antibodies
in normal B lymphocytes. Binding to a specific antigen activates BCRC, which delivers a signal
to kinases (spleen tyrosine kinase (SYK) and LYN), which phosphorylate and activate Igα/Igβ
[106]. This phosphorylation step triggers a cascade of intracellular signals including activation
of Bruton tyrosine kinase (BTK) and Phosphatidylinositaol 3-kinase (PI3K), which induce the
mobilization and activation of further kinases (protein kinase C-β and mitogen-activated
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protein kinase - ERK) [107]. The activation of this cascade facilitates anti-apoptotic events and
the proliferation of B cells through the enhancement of transcription factors such as the nuclear
factor–κB (NF-κB) [108]. This signal pathway plays an important role in the pathogenesis of
CLL, which has been supported by the following facts:

• Mutation status  of  BCR sequences  is  the  best  prognostic  marker  for  disease  progres‐
sion [109].

• About  20%  of  untreated  patients  express  very  similar,  sometimes  identical,  antigen
receptors.

• Signals of BCRC play a significant role in trafficking, homing, and interactions in microen‐
vironment [110].

There is a 10-fold decrease in the expression of membrane immunoglobulins [111] due to a
critical defect in the formation of the BCR structure [112]. As a result, the stimulation of
monoclonal B cells through BCR is impaired. Low expression of BCRC correlates with reduced
induction of tyrosine kinase activity and affected intracellular mobilization of calcium and
phosphorylation of tyrosine [113]. This low expression is a distinguishing feature of the
disease, since similar expression is not found in other mature B cell lymphoproliferative
diseases. What causes of this phenomenon is still unclear and is addressed in one study [114],
while currently there is a consensus that no genetic defects are present in the components of
BCRC [115]. Except in rare cases, surface IgM and CD79b are expressed on CLL cells in very
low levels, compared to normal B lymphocytes, but the levels of mRNA and intracellular
synthesis of the BCRC components are normal [112]. The correct binding is very important for
proteins that consist of multiple subunits. This process takes place in the endoplasmic
reticulum, where proteins are modified (split of signal peptides, N-glycosylation, formation
of disulfide bridges). In case of failure of the maturation process sequence, various system
control mechanisms are activated. They prevent the production of non-functional proteins. A
study showed that a complete IgM is not transported to the membrane of the CLL cell [116,
117]. Monoclonal B lymphocytes have a phenotype, which is similar to naïve B cells from the
mantle zone, they express CD5 and IgM/IgD and during a normal maturation process they
should have expressed non-mutated immunoglobulin genes [118]. However, CLL cells in 50–
70% of patients have somatic mutations of the IGHV genes [119], therefore they should have
completed the stage of maturation in the lymph follicle. The nature of the leukemic clone is
still not established [120, 121], and the absence or presence of somatic mutations is associated
with the functioning of single IGHV genes [122].

6. Costimulatory receptors on monoclonal B cells

Cells proliferate in lymph nodes and bone marrow, where under the influence of microenvir‐
onment stimuli, they interact with stromal cells and T lymphocytes, resulting in apoptosis
impairment and an increase of proliferation. The gene expression profile of CLL cells corre‐
sponds to that of activated B lymphocytes [4].
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Figure 3. In case of binding of an antigen to the BCR, intracellular signals activate and increase the expression of CD40;
the binding to the ligand leads to activation and increased expression of CD86. This in turn leads to activation and de
novo expression of CD80. Both regulatory molecules have common ligands CD28 and CD152; these interactions modu‐
late the proliferation of B and T cells

6.1. CD40 expression

CD40 is a molecule belonging to the tumor necrosis factor receptors (TNFR) family. It is
expressed during B cell development and plays a major role in cell survival and differentiation
[123, 124]. Its physiological ligand CD40L (CD154) is also a member of the TNFR family [125].
Interactions between CD40/CD40L stimulate the proliferation and differentiation of B cells,
dendritic cells, and monocytes and enhance expression of costimulatory molecules and the
antigenic presentation [126, 127]. After antigen recognition, the T cell receptor (TCR) induces
increased CD154 expression on CD4+ T cells, enhances signals through CD40, and increases
the expression of CD80/CD86 on antigen-presenting cells (Figure 3). This system enhances
activation of T cells, their differentiation, and modulates humoral immune response [128]. The
congenital deficit of CD154 in X-linked Hyper-IgM Syndrome leads to frequent bacterial
infections due to impaired switching of immunoglobulin classes [129] similar to the immune
disorders in CLL patients. Leukemic B lymphocytes express variably functional surface CD154,
while CD4+ T cells in CLL patients do not express surface CD154 after CD3 ligation [130,
131]. Binding of CD40 induces expression of CD95, a receptor for apoptotic signals, but
paradoxically it conducts a strong NF-κB mediated signal for the survival of leukemic cells in
vitro [132]. CD40 activation of malignant cells reduces Fludarabine-induced apoptosis in vitro
[133]. In patients with CLL, CD40 activation of B lymphocytes increases the expression of B7
molecules and these cells present alloantigens significantly better than non-stimulated CLL-
cells (Figure 3) [24]. Surface expression of costimulatory molecules increases as the process is
accompanied by an impaired T cell response to alloantigens and tumor antigens in many other
B cell lymphoproliferative diseases [134, 135, 136]. In a study of antigen-presenting capacity
of CD40-activated CLL lymphocytes and dendritic cells stimulated by apoptotic bodies of CLL
cells, both kinds of antigen-presenting types generated specific T cells, proliferating in
response to non-stimulated CLL lymphocytes. T cells isolated from patients with CLL
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recognize and produce allogenic stimulated and non-stimulated CLL lymphocytes, which
shows that the cytotoxic T cells of the patients are functionally intact [137]. CLL lymphocytes
activated through CD40 in the presence of IL-4 and INF-γ increase the expression of CD80 and
Major histocompatibility complex-II (MHC-II) molecules. Antigen presentation of alloantigen
from leukemic cells is comparable to that of normal CD40-activated B cells, as it increases in
the presence of IL-4 and INF-γ [138].

6.2. CD80 and CD86 expression

CD80 and CD86 receptors belong to the B7 family, which is one of the most important
secondary signaling mechanisms for maintaining the balance between adequate immune
response, immunosuppression, and autoimmunity [139].

The expression of CD80 and CD86 is restricted to antigen-presenting cells, as both molecules
play different roles in immune modulation due to different interactions with their ligands
CD28 and CD152, respectively. The interaction of CD80 with CD152 has a higher affinity than
the interaction of CD86 with CD152, while CD28 connects with CD86 more effectively than
with CD80 [140]. Low expression of CD86 is registered on non-activated B cells, dendritic cells,
and macrophages, in case of activation the levels of CD86 increase and CD80 is expressed de
novo [141, 142]. These interactions form a costimulatory–co-inhibitory system that regulates
immune responses (Figure 3). Mice with a CD80 and CD86 deficit are characterized with
disorders in both the humoral and cell immune response [143]. Furthermore, in case of CD28
deficit, the receptor immune response to foreign antigens, infectious pathogens, and trans‐
plants is ineffective [144]. The interaction of CD80 and CD86 with its receptor CD28 generates
costimulatory signals leading to a productive activation, expansion, differentiation, survival
of the B- and T-cells and an effective antibody-mediated and cell immune response. This
immune response is balanced by signals received through interactions with CD152. Mice with
CD152 deficit develop an autoimmune phenotype and die rapidly due to multi-organ
destruction [145]. The lack of signals from CD80 and CD86 precludes the development of
autoimmune deficit in models of triple deficit of CD80, CD86, and CD152 [146]. The role of B7
in antitumor immunity is confirmed through a model system, where cytotoxic T lymphocytes
remove mouse tumors, in which transfection of CD80 and CD86 was performed. Unlike solid
tumors, both molecules are expressed in a number of hematologic diseases [147, 148]. For
instance, cells from a follicular lymphoma increase their expression of CD80 and CD86 as well
as other costimulatory and adhesion molecules after in vitro activation [149]. Malignant Reed
Sternberg cells of classical Hodgkin’s lymphoma also express high levels of CD80 and CD86
[150]. Expression in multiple myeloma is variable and correlates with prognosis [151]. In CLL,
the expression levels are low in non-stimulated malignant lymphocytes and increase after
stimulation [148, 152].

6.3. CD267 (TACI) expression

The CD267 receptor binds to two ligands - BAFF and APRIL, thus inducing activation,
proliferation, and survival of B cells [52, 153, 154, 155]. CD267 is expressed on subsets of B
lymphocytes and activated T cells [156] and the expression varies in different B cell subpopu‐
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lations, the strongest being on marginal-zone B cells and memory CD27+ В lymphocytes [157,
158, 159], and increases after stimulation [160, 161]. In human B cells, BAFF and APRIL induce
IgG and IgA immunoglobulin classes switch in the presence of IL-10 or TGF-β [162]. After the
discovery of the mutations in TNFRSF13b, the regulatory role of expression of CD267 in final
B cell differentiation and binding to Common variable immunodeficiency (CVID) in humans
was established [163, 164]. The binding of BAFF to CD267 stimulates NF-κB activation in B
lymphoma cells in vitro, while soluble forms of CD267 inhibit this induction as well as the
production of IgM by В lymphocytes [165]. CD267 (TACI) was initially defined as a receptor
interacting with Calcium modulating ligand (CAML) meaning that it conducts signals through
both NF-κB and NFAT/AP-1. The binding of BAFF and APRIL to CD267 can also conduct
negative regulatory signals for B cell maturation and activation. In a study on the expression
of CD267 in CLL, a significant decrease of the levels compared to healthy control indicators
was found [166], which raises the question of the significance of CD267 in the pathogenesis of
CLL. The observed lymphocytic proliferation and development of autoimmune diseases in
mice with CD267 deficit suggests that this receptor could conduct pro-apoptotic signals in
activated B cells [167, 168]. In humans, the higher is the expression of CD267 on monoclonal
B lymphocytes the higher is the percentage of apoptotic leukemic cells [166], therefore it was
presumed that the decreased receptor expression reduces the negative regulatory signal to B
cells. The authors also found inverse correlation between CD267 and Bcl-2 expression of the
leukemic cells and a positive correlation between TACI and the expression of prostate
apoptosis response-4 (PAR-4), which is a unique pro-apoptotic protein, selectively inducing
apoptosis in tumor cells [169]. Based on the observation of increased numbers of circulating
and splenal B lymphocytes in TACI–/– deficit mice [167, 170], it can be speculated that CD267
is an inhibitor of B cell proliferation [167]. Similarly, a study of 62 untreated patients with CLL
showed inverse correlation between the amount of CD5+ B cells, leukocyte count, and the
expression of CD267. The study also showed significantly lower expression of the receptor in
Rai stages III and IV patients, as well as in Zap-70+ and CD38+ positive patients, compared to
Zap-70 and CD38– negative [166]. Further studies on the expression of CD267 and the clinical
course of the disease are needed to establish the precise role of this receptor in the progression
of CLL.

7. Conclusion

The phenotypic profile of malignant lymphocytes is of pathological and biological significance.
It reflects the relationship between B cells, the tumor microenvironment, and the importance
of intercellular interactions. Variations in the expression profile of CLL patients reflect different
mutations and impaired regulatory mechanisms. The existence of a complex network of
antiapoptotic and prosurvival molecules, including cell adhesion, proinflammatory, angio‐
genic, and proto-oncogenic molecules, is responsible for supporting the infiltrating malignant
cells and for the maintenance of the neoplastic tissue in CLL. Many prosurvival signaling
pathways potentially sustaining CLL cell maintenance interact with one another. Thus, it
appears that developing new classes of drugs affecting simultaneously various signaling
pathways, and therefore abrogating signaling redundancy-associated chemoresistance to
classical drugs, is feasible.
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lations, the strongest being on marginal-zone B cells and memory CD27+ В lymphocytes [157,
158, 159], and increases after stimulation [160, 161]. In human B cells, BAFF and APRIL induce
IgG and IgA immunoglobulin classes switch in the presence of IL-10 or TGF-β [162]. After the
discovery of the mutations in TNFRSF13b, the regulatory role of expression of CD267 in final
B cell differentiation and binding to Common variable immunodeficiency (CVID) in humans
was established [163, 164]. The binding of BAFF to CD267 stimulates NF-κB activation in B
lymphoma cells in vitro, while soluble forms of CD267 inhibit this induction as well as the
production of IgM by В lymphocytes [165]. CD267 (TACI) was initially defined as a receptor
interacting with Calcium modulating ligand (CAML) meaning that it conducts signals through
both NF-κB and NFAT/AP-1. The binding of BAFF and APRIL to CD267 can also conduct
negative regulatory signals for B cell maturation and activation. In a study on the expression
of CD267 in CLL, a significant decrease of the levels compared to healthy control indicators
was found [166], which raises the question of the significance of CD267 in the pathogenesis of
CLL. The observed lymphocytic proliferation and development of autoimmune diseases in
mice with CD267 deficit suggests that this receptor could conduct pro-apoptotic signals in
activated B cells [167, 168]. In humans, the higher is the expression of CD267 on monoclonal
B lymphocytes the higher is the percentage of apoptotic leukemic cells [166], therefore it was
presumed that the decreased receptor expression reduces the negative regulatory signal to B
cells. The authors also found inverse correlation between CD267 and Bcl-2 expression of the
leukemic cells and a positive correlation between TACI and the expression of prostate
apoptosis response-4 (PAR-4), which is a unique pro-apoptotic protein, selectively inducing
apoptosis in tumor cells [169]. Based on the observation of increased numbers of circulating
and splenal B lymphocytes in TACI–/– deficit mice [167, 170], it can be speculated that CD267
is an inhibitor of B cell proliferation [167]. Similarly, a study of 62 untreated patients with CLL
showed inverse correlation between the amount of CD5+ B cells, leukocyte count, and the
expression of CD267. The study also showed significantly lower expression of the receptor in
Rai stages III and IV patients, as well as in Zap-70+ and CD38+ positive patients, compared to
Zap-70 and CD38– negative [166]. Further studies on the expression of CD267 and the clinical
course of the disease are needed to establish the precise role of this receptor in the progression
of CLL.

7. Conclusion

The phenotypic profile of malignant lymphocytes is of pathological and biological significance.
It reflects the relationship between B cells, the tumor microenvironment, and the importance
of intercellular interactions. Variations in the expression profile of CLL patients reflect different
mutations and impaired regulatory mechanisms. The existence of a complex network of
antiapoptotic and prosurvival molecules, including cell adhesion, proinflammatory, angio‐
genic, and proto-oncogenic molecules, is responsible for supporting the infiltrating malignant
cells and for the maintenance of the neoplastic tissue in CLL. Many prosurvival signaling
pathways potentially sustaining CLL cell maintenance interact with one another. Thus, it
appears that developing new classes of drugs affecting simultaneously various signaling
pathways, and therefore abrogating signaling redundancy-associated chemoresistance to
classical drugs, is feasible.
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Abstract

The generation of singlet oxygen (SO) in the presence of specific photosensitizers (PS) or
semiconductor nanoparticles (NPs) and its application in photodynamic therapy (PDT)
has great interest for the development of new cancer therapies. Our work focused on the
identification of factors leading to the enhancement of B-Chronic Lymphocytic Leukemia
(B-CLL) intracellular SO production and cell killing using Manganese (Mn) doped and
undoped Zinc Oxide (ZnO) NPs as potential photosensitizers with and without PDT. Mn
can enhance ZnO NPs generation of SO by targeted cells. Multi drug resistant B-Chronic
Lymphocytic Leukemia (B-CLL) cells spontaneously produce high amounts of Reactive
Oxygen Species (ROS) having an altered redox state in relation to that of normal B lym‐
phocytes. These little variations of its SO intracellular concentrations could allow ZnO
NPs to execute specific deadly programs against these leukemic cells with no significant
damage to normal lymphocytes. A 0.5% Mn Doped ZnO NP was finally selected for fur‐
ther probes as it had the best killing activity in fludarabine resistant B-CLL cells, especial‐
ly when combined with PDT. This could be an innovative specific therapy against
resistant B-CLL probably contributing in the near future for the definitive benefit of these
bad prognostic patients.

Keywords: ZnO, Naoparticles, PDT, Leukemia

1. Introduction

B-chronic lymphocytic leukemia (B-CLL) and other chronic indolent hematologic malignan‐
cies like B lymphomas are diseases that usually originate from hematopoietic B cells with
abnormal alterations in the processes of development, maturation, and/or apoptosis. They
usually manifest as progressive accumulations of morphologically mature B lymphocytes
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although immunologically dysfunctional [1, 2]. B-CLL is the most common adult leukemia in
the western world, and currently it has no available curative strategy [1]. Beside many new
discoveries for its treatment, advanced stages of B-CLL usually derived in drug resistance and
aggressive progression with the death of the majority of patients [3, 4]. Chemotherapy is still
a valid alternative for its temporary improvement or just for tumor mass reduction but not for
a definitive healing treatment modality as it has been said [3]. The gold standard of any
antineoplastic drug should be to submit the malignant cells to an apoptotic or cytotoxic
program, without involving healthy ones, thereby minimizing adverse effects and maximizing
the expected results, especially in those situations where drug resistance has developed [5, 6,
7]. Therefore, it is essential to have new treatment modalities in order to increase the anti-B-
CLL effects, providing greater biological activity and much more specificity for this kind of
disease. New drugs as well as monoclonal antibodies and other biologics have shown real
improvements as antineoplastic therapies [8, 9]. However, in general, the side effects are also
frequent, and the development of resistance or relapse is usually inevitable for these kind of
diseases [3, 5, 10, 11]. In order to minimize adverse effects, new drug delivery strategies should
be designed for therapeutic or diagnostic purposes in oncology. Thus, when such an agent is
desired to be specifically delivered inside a tumor mass, innovations are needed. In our present
state of knowledge, the systemic administration of antineoplastic drugs usually faces problems
related to nondesired effects in healthy tissues and incomplete distribution inside the targeted
tumor [12]. Then “specific targeted therapies” (STT) could be the new hope for solid and
hematological tumors [13]. Advancements in materials science and the ever-increasing
miniaturization of technology have led to the development of nanotechnology, a discipline
concerned with the development and utilization of nanomaterials, structures with dimensions
in the 1- to 100-nm range [14, 15, 16]. Nanoparticles (NPs) are increasingly being recognized
for their utility in the field of medicine, including use as drug carriers and imaging tools [17,
18, 19]. Investigations of reactive species (free atoms, clusters, and reactive particles) through‐
out the 1970s and 1980s, coupled with new techniques and instruments (innovations in mass
spectrometry, vacuum technology, microscopes, and more), brought nanotechnology to
different fields, including chemistry, physics, material science, engineering, and biology [20].
Today, nanoscale materials represent real and widespread possibilities for interesting funda‐
mental science as well as useful technologies [21, 22]. Nanotechnology and nanoscience are
multidisciplinary fields between chemistry, which deals with atoms, molecules, and con‐
densed matter physics, which deals with solids of an essentially infinite array of bound atoms
or molecules of dimension no greater than 100 nm [23]. We have now the unique opportunity
to change some properties of materials through the management of size and shape. This is a
central point of nanoscience that will permit us the control of some electronic as well as
magnetic conditions of matter by which it can become much more active and useful for cancer
treatments [24, 25, 26, 27, 28, 29]. Although the 8 physical and chemical properties of substances
have been well characterized, an intriguing facet of nanotechnology is that materials reduced
to the nanoscale in size begin to display different physical and chemical properties. This can
include changes in optical properties, such as color and light diffraction, solubility, hardness
and strength, magnetism, heat, and electrical conductivity, and surface reactivity [21, 30]. As
NP size is reduced, the surface area-to-volume ratio increases, and a large number of the atoms
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composing the particle are found on the particle surface [31]. This can render substances
previously thought inert suddenly highly reactive. These changes in properties mean that
researchers cannot rely upon expectations of chemical behavior based on the previously
understood characteristics of these substances [20, 32]. In NPs made of semiconducting
materials, the band gap can be modified with NP size [33, 34, 35]. The band gap is the amount
of energy required for an electron in the material to be liberated from the allowed valence band
and become a charge carrier. If enough energy is supplied, an electron jumps from the valence
band to the conductance band, leaving behind a vacancy called an electron hole in the valance
band. In NPs, a large portion of the atoms are found at the surface, and consequently so too
are the highly reactive valence electrons and holes. This has strong implications for the
potential of NP to have toxic reactivity in biological systems [36, 37, 38, 39]. The formation of
vesicles or capsules that are small enough to be delivered into the human body by means of
inhalation, injection, or permeation through the skin has received significant attention [40].
The outer shell of the vesicles may be chemically functionalized with receptors and other
species to selectively target certain organs [41]. In this way, it is possible to think between some
other strategies, in the use of delivery/antineoplastic systems that could be delivered easily
straight into the tumor's cells. By using nanoparticle systems, it is possible now to provide
more precisely many drugs and peptides specifically inside the tumors [7, 42, 43]. These
nanoparticles can be made of biodegradable as well as nonbiodegradable materials. Some of
their effects could be derived from its abilities to transport and deliver drugs, reducing toxicity
as well as increasing bioavailability or even by a direct effect of their molecular and electrical
properties as it is the case for some metallic nanoparticles [8, 44]. When they are designed to
transport drugs, it is clear that they can specifically deliver them in huge amounts and very
specifically inside neoplastic cells without much harm to healthy ones [9, 45]. This has been
described for cisplatin in which a higher apoptosis process was observed than with a free drug
[10]. These nanopharmaceuticals as multifunctional drugs and imaging agents with a very
wide repertoire of action will surely be the next generation of antineoplastic therapeutic and
diagnostic agents [11, 46]. There is some previous but limited published experience with NPs
in lymphomas, including in vivo studies in lymphoproliferative diseases [42–44]. We have
already published [47] the possibility of using these pharmaceutical new systems to overcome
drug resistance of B-chronic lymphocytic leukemia (B-CLL) cells. Nanotechnology, the science
that studies, develops, and employs nanometer-scale complex systems, has claimed to be the
key to improve treatment outcomes in oncology [33, 48, 49]. Then NPs, objects of a size of tens
to hundreds of nanometers as it has been said, constructed with different materials such as
natural or synthetic polymers or even metals, could be custom designed for almost every
disease, including B-CLL and other lymphomas [47, 50]. These elements when made of zinc
oxide (ZnO) are plausible to be coated and modified by other metals like manganese (Mn) and
could generate apoptotic and/or cytotoxic changes in malignant cells, especially in the shape
of autophagy. This specialized way of tumor cell death seems to be the specific result of metal
NPs action and could be an interesting and innovative mechanism to be full discovered and
achieved in cancer treatment [51, 52]. ZnO NPs doped with metals such as Mn may have their
optical and electronic properties modified as Mn is known to increase metal NP’s surface
defects, thus generating photooxidation reactions that could be enhanced by PDT [53, 54, 55].
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In this way, we thought that these NPs made of Mn-doped ZnO could be used in the treatment
of B-CLL and other indolent lymphomas, alone or in combination with PDT. These NPs, by
itself or even more if excited by light emission, may generate ROS especially one of its kind,
singlet oxygen (SO), which could lead to an induced apoptotic process or some other kind of
death pathway like autophagy in B-CLL cells, including those with resistant phenotypes to
conventional therapies [56, 57]. This strategy could be a very specific one, considering that the
oxidative stress found in leukemic cells is supposed to be a lot much higher than that of normal
B lymphocytes [6, 7]. Based on a growing body of evidence, ROS production is proposed as a
key cytotoxic mechanism mediated by ZnO NPs leading to cell death [58, 59]. The photoacti‐
vation of these ZnO NPs is predicted to induce greater levels of ROS, including intracellular
SO release which, if effectively targeted to cancer cells, could produce their selective final
destruction [48, 60]. The use of ZnO nanoparticles (NPs) for biomedical applications, particu‐
larly PDT, relies on the fact that semiconductor nanomaterials could generate reactive oxygen
species (ROS) and are promising candidates to become the new generation of photosensitizers
(PS) [61]. ZnO is an excellent PS candidate due to its nontoxicity and ability to biodegrade [62,
63]. Moreover, it displays high thermal and chemical stabilities [64]. Furthermore, ZnO is a
high-quality semiconductor material with a band gap of 3.37 eV, is transparent in the UV
region, and has a large excitation binding energy at room temperature (60 meV) [65]. ZnO has
the hexagonal wurtzite structure with lattice parameters a = 3.29Å and c = 5.24 Å) [65]. Cancer
disease has been one of the principal causes of death worldwide for many years [66, 67].
Photodynamic therapy (PDT) has been successful in the treatment of skin tumors and super‐
ficial skin health conditions [68, 69, 70]. We propose to expand the applicability of PDT for
therapeutic purposes on other cancer types, which involve internal organs, including the
hematological system, and in this respect, NPs possess various physical characteristics, which
make them ideal for cancer targeting and treatment using them as PS with PDT [48, 71]. Some
of these physical characteristics are size in the nanometer scale for cell membrane internaliza‐
tion, intense emission for illumination, and stability. In addition, they can be prepared with
absorption at definite wavelengths to tune them to penetrate into deep seated tumors.
Nanotechnology, in fact, has recently been utilized for specific targeting to tumor cells [60,
71] as opposed to current technology based on drug diffusion upon systemic drug uptake,
which only reaches a maximum of 30% to the intended site and with the added secondary
harmful effects on health. In PDT, a nanoparticle sensitizer is excited at its maximum absorp‐
tion wavelength, thereby being promoted to its singlet excited state, which then is converted
into its triplet state by intersystem crossing [72, 73]. Then the triplet state of the NP transfers
energy to the ground state triplet oxygen, which is converted to singlet oxygen (SO) [74, 75].
The search for efficient sensitizers for in situ SO generation is currently of utmost importance
for use in PDT [73, 74]. Diverse organic molecules have been synthesized, incorporating
different structural features that have been identified with enhanced SO production. NPs have
recently been identified as potential sensitizer candidates for SO generation due to their high
extinction coefficients, and a few reports have been published [48, 71]. We proposed to use
nontoxic functionalized water-soluble ZO and zinc sulfide (ZS) NPs as enhanced SO photo‐
sensitizers and to identify factors for their enhanced SO production for improved cancer
treatment especially for B-CLL.
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2. PDT and metal NPs for cancer treatment

Photodynamic therapy (PDT) is a form of phototherapy using nontoxic light-sensitive com‐
pounds that are exposed selectively to light, whereupon they become toxic to targeted malignant
and other diseased cells [21, 22]. It is used clinically to treat a wide range of medical condi‐
tions, including wet age-related macular degeneration and malignant cancers [23] and is
recognized as a treatment strategy, which is both minimally invasive and minimally toxic. Most
modern PDT applications involve three key components: [21] a photosensitizer, a light source,
and tissue oxygen. The combination of these three components leads to the chemical destruc‐
tion of any tissues, which either have selectively taken up the photosensitizer or have been
locally exposed to light [22]. The wavelength of the light source needs to be appropriate for
exciting the photosensitizer to produce ROS [22]. These ROS generated through PDT are free
radicals (Type I PDT) generated through electron abstraction or transfer from a substrate
molecule and highly reactive state of oxygen known as SO (Type II PDT) [22, 70]. A photosen‐
sitizer is a chemical compound that can be promoted to an excited state upon absorption light
and undergo intersystem crossing with oxygen to produce SO. The photosensitizer should not
be harmful to the target tissue until the treatment beam is applied and preferential uptake in
target tissue. Some of these physical characteristics are size in the nanometer scale for cell
membrane internalization as well as intense emission for illumination and stability [21, 22]. In
PDT, a nanoparticle sensitizer is excited at its maximum absorption wavelength, thereby being
promoted to its singlet excited state, which then is converted into its triplet state [23]. Then the
triplet state of the nanoparticle transfers energy to the ground state triplet oxygen, which is
converted to singlet oxygen (SO) [22]. Metal oxides (MO) play a very important role in many
areas of chemistry, physics, and materials science. MO NPs can exhibit unique physical and
chemical properties due to their limited size and a high density of corner or edge surface sites
[23]. MO NPs include materials such as TiO2, CeO2, Al2O3, Fe2O3, and ZnO and are already found
in many products. TiO2 and ZnO nanomaterials are used in topically applied products such as
sunscreens and cosmetics, as are pure gold NPs [76]. Their remarkable physical properties form
the basis for motivation of metal NPs synthesis and large effort has especially been focused on
the design, characterization, and medical applications of ZnO nanomaterials [77]. Inorganic
semiconductor nanocrystals have unique properties resulting from quantum confinement [78].
For semiconductor nanocrystals,  the energy gap increases with decreasing size [79].  The
excitation tracks the absorbance, resulting in a tunable fluorophore that can be excited efficient‐
ly at any wavelength shorter than the emission peak but will emit with the same characteris‐
tic narrow, symmetric spectrum regardless of the excitation wavelength [80]. ZnO, also known
as zincite, is an inorganic compound, nearly insoluble in water that occurs rarely in nature. It
is mostly produced synthetically for its commercial used [65,81]. ZnO is actually a wideband
gap semiconductor of the II–VI semiconductor group [76]. At a nanoscale, size exhibits quantum
confinement as its electrons are contained in discrete energy bands. In this way and when
sufficient energy is supplied, electrons can move from the valence to the conductance band,
being able to act as powerful reductants in aqueous solutions as well as mobile charge carri‐
ers donating electrons to oxygen to generate superoxide radicals [81, 82]. When this electron
movement into the conductance band occurs, there are electron vacancies that can produce
powerful oxidation reactions in water. This production of hydrogen peroxide and photocatal‐
ysis of ROS by NP-sized ZnO in water can be 100–1000 times faster than bulk ZnO [83, 84].
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2.1. Methodology and experimental procedures

2.1.1. Synthesis of NPs

Eight different types of Zn NPs were synthesized by different methods as described here: NP1
ZnO, NP2 ZnO:Mn+2 0.5%, NP3 ZnO:Mn+2 1.0%, NP4 ZnO:Mn+2 1.5%, NP5 ZnO:Mn+2 2.0%,
NP6 ZnS, NP7 ZnS:Mn+2 1.0%, and NP8 ZnO/ZnS. NPs were finally diluted and prepared for
all experiments by vigorous sonication and addition of human serum albumin.

a. Synthesis of ZnO and Mn-doped ZnO NPs: These NPs were synthesized via wet-chemical
techniques [53, 85]. The different Mn doping percentages applied on the surface of NPs
were 0.5%, 1.0%, 1.5%, and 2.0%. Undoped ZnO NPs were synthesized with a similar
procedure except for the addition of manganese acetate [53].

b. Synthesis of colloidal ZnS semiconductor nanocrystals capped with PVP and prepared
using 1% concentration of Mn+2 ion as a dopant: The NPs were synthesized via wet-
chemical techniques [86]. Undoped ZnS NPs were synthesized with a similar procedure
except for the addition of manganese acetate [87].

c. Synthesis of ZnO/ZnS core shell NPs: The preparation of ZnO/ZnS core shell NPs was
performed by the thermal decomposition of Zn-MPA complexes [88, 89]. ZnS shell was
grown on ZnO nanoparticle by the decomposition of the complex Zn-MPA(3-mercapto‐
propionic acid) at 100°C. The S atoms originating from the thermal decomposition are
deposited slowly.

2.1.2. Characterization of NPs

We characterized all NPs by transmission electron microscopy (TEM) (JEM-2100F, JEOL Inc.)
and scanning electron microcopy (SEM) (JEOL-JSM 6500 instrument and a Philips/FEI, XL30s,
FEG SEM/Phoenix EDAX) observation after the deagglomeration of NPs with human serum
albumin (HSA) 1.5 mg/mL and intense sonication, as well as by elemental composition analysis
by energy-dispersive X-ray spectroscopy (EDS). Also, X-ray diffraction (XRD) measurements
were carried out with a diffractometer (D500/Siemens) using Cu-Kα radiation with λ = 0.154315
nm to determine the crystalline nature of the selected NPs. A UV-Vis spectrophotometer (DU
800, Beckman Coulter) was used to study the optical absorption of NPs. Luminescence properties
and SO generation by NPs were determined by photoluminescence (PL) spectroscopy, using a
spectrofluorometer  (FluoroMax-2/Horiba Scientific)  at  room temperature with a  150-mW
continuous ozone-free Xe lamp. Fourier-transformed infrared (FTIR) spectra was recorded
using an attenuated total reflection Fourier transform infrared (FTIR-Varian 3100 FTIR/Bio-
Rad) to evaluate and characterized the presence of functional groups on the surface of these
NPs. The excitation wavelength for photoluminescence measurements was set at 350 nm for
ZnO and manganese-doped ZnO NPs, and the excitation wavelengths for ZnS NPs were 320
and 340 nm for manganese-doped ZnS NPs. The excitation wavelength for ZnO/ZnS core shell
nanoparticles was 310 nm. For book space reasons, we will only describe here the characteriza‐
tion in full detail only of that type of NP with the best B-CLL cytotoxic effects when applying
PDT and tested in vitro for viability and mortality of leukemic cells as later will be described.
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FEG SEM/Phoenix EDAX) observation after the deagglomeration of NPs with human serum
albumin (HSA) 1.5 mg/mL and intense sonication, as well as by elemental composition analysis
by energy-dispersive X-ray spectroscopy (EDS). Also, X-ray diffraction (XRD) measurements
were carried out with a diffractometer (D500/Siemens) using Cu-Kα radiation with λ = 0.154315
nm to determine the crystalline nature of the selected NPs. A UV-Vis spectrophotometer (DU
800, Beckman Coulter) was used to study the optical absorption of NPs. Luminescence properties
and SO generation by NPs were determined by photoluminescence (PL) spectroscopy, using a
spectrofluorometer  (FluoroMax-2/Horiba Scientific)  at  room temperature with a  150-mW
continuous ozone-free Xe lamp. Fourier-transformed infrared (FTIR) spectra was recorded
using an attenuated total reflection Fourier transform infrared (FTIR-Varian 3100 FTIR/Bio-
Rad) to evaluate and characterized the presence of functional groups on the surface of these
NPs. The excitation wavelength for photoluminescence measurements was set at 350 nm for
ZnO and manganese-doped ZnO NPs, and the excitation wavelengths for ZnS NPs were 320
and 340 nm for manganese-doped ZnS NPs. The excitation wavelength for ZnO/ZnS core shell
nanoparticles was 310 nm. For book space reasons, we will only describe here the characteriza‐
tion in full detail only of that type of NP with the best B-CLL cytotoxic effects when applying
PDT and tested in vitro for viability and mortality of leukemic cells as later will be described.
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2.1.3. Penetration of cells by NPs

Amounts of 0.1, 0.2, and 0.3 mg/mL of each of the eight NPs produced were incubated with 4
million cells in 2 mL of culture medium for a maximum period of 3 h, under conditions already
described. NP penetration of cells was determined by TEM and by fluorescence microscopy
(Motic Inverted Microscope AE30-31 with Episcopic-Fluorescence Attachment EF-INV-II)
using a DAPI filter. The degree of penetration was determined by 3 independent pathologists
observers trained in cell observation with TEM by evaluation of 5 pictures taken at every each
time point (0, 30, 60, 120, and 180 min) of incubation of the cells with the different NPs and its
selected concentrations mentioned before. For this purpose, cells with NPs were submitted to
two washing cycles and finally to a resuspension step in PBS before TEM observation was
performed. Results were the mean of the penetration scores given by all the observers to the
5 pictures for each specific NP and its different concentrations at every time point. Finally, the
level of penetration was ranked in relation of the total cell surface covered with NPs as none
(0–5%), discrete (6–45%), moderate (46–75%), or intense (76–100%), as seen in each TEM picture
by each observer. The time at which the highest level of cell penetration by NPs occurred was
later used as the best time point for all laser irradiation experiments. When maximum NP
penetration of cells was determined by TEM, the confirmation of these data was done by
observation of cells under fluorescence microscopy using a DAPI filter in which the cells were
supposed to fluorescence when penetrated by NPs.

2.1.4. Enhanced singlet oxygen production by PDT

Since we wanted to have a simple, precise, and reproducible energy source, our approach was
to first evaluate different light sources with diverse characteristics in the following order, i.e.,
broad wavelengths of excitation, unique wavelengths, tailored to requirements of the specific
photosensitizer. We wanted to evaluate the robustness of the light sources, so we chose two
well-known sensitizers to assess the accuracy and reproducibility of the measurements by
calculating the rate of photooxidation and the quantum yield of SO production. Thus, we
undertook the task of optimizing the SO production by varying the reaction parameters, such
as, concentration of PS, concentration of quencher, solvent, nature and potency of irradiation
source, and irradiation time. We used the most commonly quenchers described in the speci‐
alized scientific literature: 1,3-diphenylisobenzofuran (DPBF), 2,5-dimethylfuran (DMF), and
2,5-diphenylfuran (DPF) [90, 91]. After optimizing the conditions for PSs to produce SO, we
moved to experiments with NPs in order to quantify the production of SO for all the NPs
mentioned before, using three methods: spectrophotometry, fluorometry analysis of DPBF
oxidation, and analysis of fluorescent probe: singlet oxygen sensor green (SOSG). We choose
the standard with the highest production of SO (RB) and a laser on a wavelength of 532 nm
because excited nanoparticles and RB are found at this wavelength to trigger photochemical
reactions, which produced reactive SO. We measured the intracellular production of SO after
the internalization of NPs with and without PDT by a fluorometric analysis of DPBF and
analysis of fluorescent probe: singlet oxygen sensor green (SOSG) using a novel method first
described by us, which measured the efficiency of the intracellular production of SO by the
use of the different NPs with and without PDT. All experiments were made in triplicate.
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2.1.5. Apoptosis and cytotoxicity assays of NPs on B-CLL cells

Each of the NPs was tested for apoptotic and cytotoxic effects on B-CLL cells by flow cytometry
and propidium iodide/acridine orange vital staining with fluorescent microscopy observation
as well as MTT assays, with and without PDT.

2.1.6. Measurement of free ion Zn

Free levels of ion Zn in ultrapure distilled water after incubation with NPs for 24 and 48 h were
evaluated by a classical method.

2.1.7. Morphological cell changes after treatment

B-CLL cells and normal lymphocytes were evaluated by light and TEM observation after
treatment for cell morphological changes.

3. Results and discussion

3.1. UV-Vis NPs absorption

The optical absorption spectra were recorded in the wavelength region of 200–800 nm. Doping
with Mn could increase surface defects of NPs affecting the optical and electronic properties
of nanoparticles as well as improving the action of PDT when visible light is used as source.
UV-Vis absorption of undoped ZnO and 0.5% Mn-doped ZnO showed a difference in the
optical absorption of both the undoped and the Mn-doped ZnO NPs, which could indicate
that Mn generates more active sites for reaction at energy level lower than the conduction band
of undoped ZnO, and thus absorbs more visible light via these defects sites. Absorption
wavelength varies according to the different percentages of doping (Table 1) the optical band
gap of undoped and Mn-doped ZnO NPs. Doping ZnO NPs with 0.5% of Mn would contribute
with tail states in the vicinity of the valence band owing to the defect sites and reduces its
effective band gap.

NPs Estimated optical band gap (eV)

ZnO 3.5

ZnO:Mn+2 0.5% doping 3.4

ZnO:Mn+2 1.0% doping 3.6

ZnO:Mn+2 1.5% doping 3.54

ZnO:Mn+2 2.0% doping 3.50

Table 1. Optical band gap of undoped ZnO and Mn-doped ZnO NPs at different percentages
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3.2. Photoluminescence measurements

The emission spectra of all these NPs had one weak band in the UV region around 397 nm that
could be attributed to their band gap as well as another broad one at 542 nm in the visible
region, which could be related to oxygen defects. The visible emission is the dominant feature
of the luminescence of ZnO and Mn-doped ZnO NPs and results from recombination involving
trap states [92]. This increase of fluorescence intensity probably indicates that the incorporation
of Mn ions into ZnO NPs may suppress some nonradioactive recombinations of free excitation
that is near the band gap emission [92].

3.3. Infrared analysis

An FTIR spectrum of ZnO NPs showed an absorption band centered at 451 cm–1 corresponding
to the stretching vibration of Zn-O, confirming the formation of a ZnO bound [53, 93], and a
vibration band at 1021 corresponding to a C-O bond. The O-H broad stretching band at 3438
cm–1 is shown in the spectrum [92, 94]. The intense absorption bands at 1405 cm–1 and 1586
cm–1 were due to C-C and CH3COO– stretching vibrations of carboxylic acid, respectively [95].
The strong presence of those bands at 1405 and 1586 could be attributed to the formation of a
zinc acetate solution complex in ethanol, occurring during the synthesis process [96]. The
Fourier transform infrared (FTIR) spectrum of the 0.5% Mn-doped ZnO NPs has an intense
band at 446 cm–1. This peak confirms substitution of Zn+2 ions by Mn+2 ions in the crystal
structure. The photoluminescence studies illustrated that the doping with Mn modifies the
emission properties of ZnO NPs.

3.4. XRD analysis

The average crystalline size of NPs was 7.78 ± 0.9 nm and was determined using the Debye–
Scherrer formula [97, 98]. The average crystallite sizes are presented in Table 2. From the results
of the XRD analysis of Mn-doped ZnO NPs, we observed that the crystal size increases with
doping up to 0.5%, indicating the incorporation of Mn in the ZnO lattice. This phenomenon is
shown in Table 4, where the lattice parameters of Mn-doped NPs at different atomic percen‐
tages in the 0–2 at.% range were slightly higher than those of undoped ZnO NPs. Any other
impurities were detected. In Table 3, the average crystallite sizes of Mn-doped ZnO NPs
synthesized at all the different dopant atomic percentages in the 0–2 at.% range are presented.

Percentage of Mn doping of ZnO NPs Average crystallite size ± standard deviation (nm)

ZnO undoped 7.78 ± 0.9

0.5% Mn+2-doped ZnO NPs 14.41 ± 0.8

1.0% Mn+2-doped ZnO NPs 13.25 ± 0.8

1.5% Mn+2-doped ZnO NPs 11.45 ± 0.7

2.0% Mn+2-doped ZnO NPs 10.95 ± 0.6

Table 2. Average crystallite size of ZnO NPs doped at different Mn atomic percentages in the 0–2 at.% range
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Lattice Constants
(A°)

ZnO ZnO:Mn 0.5% ZnOMn 1.0% ZnO:Mn 1.5% Zno:Mn 2.0%

a=b 3.231 3.232 3.245 3.260 3.271

c 5.092 5.174 5.193 5.212 5.236

Table 3. The lattice constants calculated from XRD data of ZnO and different Mn atomic cm–1 with percentages in the
0–2 at.% range

3.5. TEM, SEM, and EDS analysis of NPs

By scanning electron microscopy (SEM) and transmission electron microscopy (TEM) after
being well deagglomerated using human serum albumin (HSA) and intense sonication [99],
most of the nanoparticles had spherical shapes and a well-ordered morphology. Highly
monodispersed NPs with an average size of 22.4 ± 1.6 nm were clearly observed (Figures 1 and
2). The resulting ZnO and 0.5% Mn-doped ZnO NP morphology was quite similar when
observed by both analysis (TEM and SEM), constituting a homogeneous population of NPs of
that mentioned size (Figures 1 and 2). TEM and SEM images showed that the NPs appeared a
little larger in size than the same estimated result from Scherrer analysis [100]. In Table 4, the
experimental Mn concentration was compared to that obtained by the EDS analysis; being
quite similar, this confirms the atomic percentage of Mn present in the ZnO nanoparticles.

% Mn (Theorical) %Mn (EDS)

0 0

0.5 0.4

Table 4. Theoretical Mn content of 0.5% Mn-doped ZnO NPs and that determined by EDS in the same NPs.

Figure 1. TEM picture of 0.5% Mn-doped ZnO NPs, where they are seen with strong black color, with spherical mor‐
phology and uniform size. The gray background is produced by the human albumin used to disperse the particles.
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Figure 2. SEM observation of 0.5% Mn-doped ZnO NPs with a counting grid of 1000 × 1000 nm with small square sec‐
tions of 100 × 100 nm to characterize NPs distribution and size.

3.6. Analytical methods for determination of SO production

Similar results were obtained by the three analytical methods for NPs of 1.0 Mn-doped ZnO.
Comparing the spectrophotometric method and fluorometry analysis of DPBF oxidation,
similar results were obtained for NPs of 1.0% and 1.5% Mn-doped ZnO and 1.0% Mn-doped
ZnS NPs. Core shell ZnO/ZnS did not produce SO at all (Table 5). The measurement of singlet
oxygen was similar for ZnO nanoparticles and 1.0% and 2.0% Mn-doped ZnO NPs by both
fluorescence methods. Comparing the spectrophotometric method and analysis of fluorescent
probe, singlet oxygen sensor green (SOSG), similar results were obtained for NPs of 1.0% Mn-
doped ZnO and ZnS.

NPs Ф∆  SO by 
Spectrophotometry 
analysis 

Ф∆  SO by 
fluorometry analysis 
of DPBF oxidation 

Ф∆  SO by analysis of 
fluorescent probe: 
SOSG 

ZnO N.R 0.71 p˂0.05 
             * 

0.66 p˂0.05 
             * 

ZnO:Mn 0.5% doping 0.60 p˂0.05 
             * 

0.48 0.74 

ZnO:Mn 1.0% doping 0.32 0.28 0.32 

ZnO:Mn 1.5% doping 0.17 0.17 0.30 

ZnO:Mn 2.0% doping N.R 0.1 0.17 

ZnS 0.36 0.22 0.39 

ZnS:Mn 1.0% doping 0.20 0.23 0.52 

Table 5. SO quantum yield of NPs by spectrophotometric and fluorometric analysis of DPBF oxidation and by analysis
of fluorescent probe: singlet oxygen sensor green (SOSG) in water
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We measured the generation of SO in all experiments using NPs and laser irradiation at a
wavelength of 532 nm following three different analytical methods: spectrophotometry and
fluorometry analysis of DPBF oxidation as well as by the use of a fluorescent probe: singlet
oxygen sensor green (SOSG). A standard photosensitizer, RB, of a known SO quantum yield
was used to calculate the SO QY of the NPs. Singlet oxygen quantum yield of rose bengal was
always significantly higher compared with the QY of any of the NPs used. Anyway, as NPs
could have several advantages, that will be explained later on when compared to PSs such as
RB. Our results will surely be of great importance for the future clinical application of ZnO
NPs. It was clearly demonstrated that the decomposition of DPBF by SO induced by 1.0% Mn-
doped ZnO and ZnS NPs at 1.0 mg/mL under laser irradiation conditions was always a time-
dependent phenomenon. Comparing both the spectrophotometric method and the
fluorometry analysis of DPBF oxidation, similar results were obtained for NPs of 1.0% and
1.5% Mn-doped ZnO and 1.0% Mn-doped ZnS NPs. Our core shell ZnO/ZnS NPs did not
produce SO at all. The measurement of SO generation was similar for ZnO nanoparticles and
1.0% and 2.0% Mn-doped ZnO NPs by both fluorescence methods. Comparing the spectro‐
photometric method and singlet oxygen sensor green (SOSG) routes, similar results were
obtained for NPs of 1.0% Mn-doped ZnO and ZnS NPs. In all the other experiments performed
in similar conditions, we always found a significant higher generation of SO when 0.5% Mn-
doped ZNO NPs were used, and these results seem to indicate that this kind of NP could be
the most appropriate to use in living models when SO generation could be needed as a
therapeutic strategy. Then the most interesting sample tested in order to use in further
experiments with living cells, animal models, or even patients as a potential intracellular SO
generator should be 0.5% Mn-doped ZnO NPs, which generated the highest amounts of SO
compared to the other Mn-doped samples at 1%, 1.5%, and 2%. These features make 0.5% Mn-
doped ZnO nanoparticles potential potent photosensitizers for a combine treatment with PDT.
Results for all NPs by the three analytical methods are presented in Table 6. The highest values
of SO QY was 0.60 by the spectrophotometric method and 0.74 by SOSG using 0.5% Mn-doped
ZnO NPs (p < 0.05) and 0.71 by the fluorescence method of DPBF oxidation using ZnO NPs
(p < 0.05). When a dopant is introduced into a nanoparticle like the ones presented here, a range
of percent doping may be most effective in a specific desire clinical action like anticancer
selective activity. Additionally, it may be the case that the most effective percent range depends
on the nanoparticle composition and the dopant composition. In our case, 0.5% Mn+2-doped
NPs had the highest effectiveness in the production of SO. This may be explained in terms of
their optical properties with the presence of this doping. Higher fluorescence in the visible
region as compared to those Mn+2-doped NPs at 1.0%, 1.5%, and 2.0%. 0.5% Mn+2-doped ZnO
NPs generated more SO due of the special transitions in the d orbitals of Mn+2, favoring the
photocatalytic processes. At this percentage, the optical and electronic properties of the NPs
were favorable for PDT. In this way, there is more energy transfer between the excited NPs
with triplet oxygen to produce SO. It is known that these NPs have a good capacity to donor
energy and can act as novel PSs in the use of PDT for cancer treatment [28, 50, 101]. The QY of
SO by spectrophotometry was 0.60 and 0.48 by fluorometry analysis of DPBF oxidation and
0.74 by analysis of fluorescent probe, respectively. With increasing doping of ZnO NPs from
1.0% to 2.0%, the production of SO decreased in all methods. ZnS NPs without Mn doping
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when compared to 1.0% Mn-doped ZnS NPs showed an increased SO production by the
spectrophotometric method. The results were similar for ZnS and 1.0% Mn-doped ZnS by the
fluorometric method using DPBF oxidation. In the SO detection method using the Sensor
Green, Mn-doped ZnS NPs show a considerable increase in the production of singlet oxygen
compared to undoped NPs. In general, all NPs have a good production of SO and can be used
as efficient PS in PDT except ZnO/ZnS core shell. We made a comparative extensive study with
3 different analytical methods: spectrophotometry, fluorometry analysis of DPBF oxidation,
and analysis of fluorescent probe: singlet oxygen sensor green (SOSG), using a novel method
first described by us, which measured the efficiency of the intracellular production of SO by
the use of the different NPs with and without PDT. There is no current scientific literature of
this kind doing comparative studies of the intracellular production of SO, making our group
the pioneers worldwide. For the results obtained with our 0.5% Mn-doped ZnO NPs, we
certainly believe that this specific doping level generates new unique electrical and lumines‐
cence properties in our ZnO NPs for this particular concentration of Mn most probably related
to a specialized way of tumor cell death called autophagy, which seems to be the specific result
of the intracellular action of metal ZnO NPs at this Mn doping level. The Mn+2 dopant atomic
percentage of 0.5% for ZnO NPs should be interacting with the molecular and electrical
configurations of these Zn NPs in such a way that SO generation is clearly enhanced especially
when PDT is used. This could be an interesting and innovative mechanism to be fully discov‐
ered and achieved in cancer treatment, especially when low concentrations of Mn doping are
used in ZnO NPs associated to PDT [33, 48]. It could be important to look in future studies into
the behavior of ZnO NPs when doped with concentrations lower than 0.5% especially at the
mitochondrial cell level where many of the respiratory and energy generation processes of the
cell are taken place. As shown in our experiments, higher concentrations over 0.5% seem not
to improve SO generation or leukemic cell death. In this way, it was thought that these NPs
made of Mn-doped ZnO could be used in the treatment of B-CLL and other indolent lympho‐
mas, alone or in combination with PDT. These NPs, when excited by light emission, may
generate ROS, especially SO, which could lead to an induced apoptotic process or some other
kind of death pathway like autophagy in B-CLL cells, including those with resistant pheno‐
types to conventional therapies [57]. This strategy could be a very specific one, considering
that the oxidative stress found in leukemic cells is supposed to be a lot much higher than that
of normal B lymphocytes [102, 103]. Based on a growing body of evidence, ROS production is
proposed as a key cytotoxic mechanism mediated by ZnO NPs leading to cell death [104,
105]. The photoactivation of these ZnO NPs was predicted to induce greater levels of ROS,
including intracellular SO that we measured by an innovative method developed in this
research. This enhanced intracellular generation of SO, if effectively targeted to cancer cells by
our Mn-doped ZnO NPs, could produce their selective final destruction [106, 107].

3.7. Intracellular measurement of so production after treatment with NPs with and without
PDT

Each of the NPs was tested for apoptotic and cytotoxic effects in B-CLL cells as assayed by
flow cytometry and propidium iodide/acridine orange staining as well as MTT assays. It is
clear by the results of our experiments that the lowest concentration of Mn doping (0.5%) could
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play the most important role in enhancing the cytotoxic effects of our NPs of the present
research. These NPs seem to be very selective in their cytotoxic effects toward diseased B-CLL.
Our most effective NPs have been synthesized or modified by a method that affects its
biological behavior by the addition of a dopant in a concentration that basically could change
their redox potential [85, 108]. These parameters could allow for influence same NPs and/or a
preferential association of the NPs with a diseased cell. Fluorescence spectra photooxidation
of DPBF in the presence of NPs inside B-CLL cells and DPT treatment showed that DPBF reacts
with SO, causing a progressive decrease in the intensity of the quencher again. This decom‐
position of DPBF by SO produced by the use of 1.0% Mn-doped ZnO NPs 3 and ZnS NPs 6 in
B-CLL cells was a time-dependent phenomenon (Figures 3 and 4) with an increased production
of intracellular SO in B-CLL cells when PDT was delivered. The intracellular singlet oxygen
QY of RB was significantly higher compared with QY of NPs (Figures 3 and 4; p < 0.05). The
quantum yield of SO for B-CLL cells was 0.16 for NPs3 and 0.21 for NPs6 using DPBF as the
chemical quencher (Table 6).

SO QY B-CLL Lymphocytic cells 

NP 3 0.16 

NP 6 0.21 

Table 6. Singlet oxygen (SO) quantum yield (QY) of NPs in B-CLL lymphocytic cells

Figure 3. Time-dependent decomposition of DPBF at 6.0 × 10–5 M by SO produced by ZnS NPs at 15 μg/mL and RB at
1.0 × 10–5 M and incubated with B-CLL cells (4 million/2 mL PBS) and irradiated with a green laser 532 nm at a distance
of 40 cm up to 16 s every 2 s compared to that produced by RB under same experimental conditions.
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1.0 × 10–5 M and incubated with B-CLL cells (4 million/2 mL PBS) and irradiated with a green laser 532 nm at a distance
of 40 cm up to 16 s every 2 s compared to that produced by RB under same experimental conditions.
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Figure 4. Time-dependent decomposition of DPBF at 6.0 × 10–5 M by SO produced by 1.0% Mn-doped ZnO NPs at 15
μg/mL and RB at 1.0 × 10–5 M and incubated with B-CLL cells (4 million/2 mL PBS) and irradiated with a green laser
532 nm at a distance of 40 cm up to 18 s every 2 s compared to that produced by RB under same experimental condi‐
tions.

3.8. Penetration of cells by NPs

We first evaluated the effect of three different doses (0.1, 0.2, and 0.3 mg/mL) of each of the 8
NPs produced by testing them in their penetration capacity into B-CLL cells as well as into
normal B lymphocytes during a total culture period of 3 h (Fig 5). The results of these experi‐
ments indicated that 0.2 mg/mL of each of the analyzed NPs resulted in an intense cell
penetration activity that was not further increased by its rising to a higher concentration of 0.3
mg/mL. Because of this, the concentration of 0.2 mg/mL of NPs was used in all further
experiments. At zero time, no particles were seen inside any of the cells (Fig 6a), but at 2 h time
point, all observers agreed that there was a maximum “intense” similar penetration of all NPs
in both types of cells (Figure 6b). Normal lymphocytes as well as B-CLL cells were well and
maximally penetrated by NPs at 0.2 mg/mL concentration when cultured at 37°C during 2 h
and observed under TEM (Figure 6b). At 3 h culture time, no further significant increase in the
amount of total NP penetration into cells was observed in either leukemic or normal ones. B-
CLL cells as well as normal B lymphocytes when incubated during this time period with 0.2
mg/mL of each of the NPs and observed under TEM and fluorescent microscopy were clearly
and intensively penetrated by all of these NPs tested as described by the 3 observers, and no
increment of NP penetration in cells was found after this time point as it was said. In this way,
an incubation period of 120 min with 0.2 mg/mL of NPs was selected as the best conditions for
NP penetration into cells.
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Figure 5. Effect of three different doses of each of the 8 NPs tested on the viability of B-CLL cells at 48 h of incubation
after PDT. The dose 0.2 mg/mL produced the most intense killing activity. Increasing this dose up to 0.3 mg/mL did
not produce further significant increase in cell mortality as seen with 0.2 mg/mL.
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Figure 6. (a) B-CLL cell in culture with no NPs observed with TEM at time 0. Penetration degree: none. 

(b) B-CLL cell penetration by 0.5% Mn-doped ZnO NPs observed at 2 h by TEM. Penetration degree: 

intense. As panel b suggests, the NPs also penetrated the cell nucleus. 

3.9. Cell viability and mortality testing 

Figure 6. (a) B-CLL cell in culture with no NPs observed with TEM at time 0. Penetration degree: none. (b) B-CLL cell
penetration by 0.5% Mn-doped ZnO NPs observed at 2 h by TEM. Penetration degree: intense. As panel b suggests, the
NPs also penetrated the cell nucleus.

3.9. Cell viability and mortality testing

Then we evaluated the effect of those same three different doses (0.1, 0.2, and 0.3 mg/mL) of
each of the 8 NPs produced on the viability of B-CLL cells at 24 and 48 h of incubation after
PDT (Fig 5). In these probes, 0.2 mg/mL of each of the NPs tested again resulted in the best B-
CLL cell killing activity. Normal lymphocytes also had the greatest mortality rates at this NPs
concentration but were always significantly lower and mostly insignificant in relation to that
observed for B-CLL cells. It was also seen that 0.1 mg/mL of each NP had almost no significant
difference in the viability of B-CLL cells in relation with that of the control samples without
NPs. In this way, this concentration did not seem to be the best one to be tried in further
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PDT (Fig 5). In these probes, 0.2 mg/mL of each of the NPs tested again resulted in the best B-
CLL cell killing activity. Normal lymphocytes also had the greatest mortality rates at this NPs
concentration but were always significantly lower and mostly insignificant in relation to that
observed for B-CLL cells. It was also seen that 0.1 mg/mL of each NP had almost no significant
difference in the viability of B-CLL cells in relation with that of the control samples without
NPs. In this way, this concentration did not seem to be the best one to be tried in further
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experiments. Scaling up the NPs concentration to 0.3 mg/mL did not either significantly
improved the cell killing activity of those same NPs in relation to that concentration of 0.2 mg/
mL. Then this concentration of 0.2 mg/mL was selected and used for all other experiments.
From the 8 NPs especially designed and produced for this study, 0.5% Mn-doped ZnO NPs
were chosen as the most powerful killing NPs against B-CLL cells when associated with PDT
but with minimum impact on normal lymphocytes. At the mentioned concentration of 0.2 mg/
mL, NPs2 (0.5% Mn-doped ZnO NPs) were the most effective NPs in relation to its killing
activity of B-CLL cells (Fig 7). In this way, NP2 was selected for the performance and cytotox‐
icity procedures.

Figure 7. Cytotoxicity levels of B-CLL cells (L) from 5 patients and normal B lymphocytes (H) from 5 healthy donors
for each NP at 24 and 48 h with and without laser irradiation. Clearly, the most intense mortality is observed in B-CLL
cells exposed to NPs2 at 48 h and laser irradiated.

3.10. Intracellular so production determinations

Changes in the production of intracellular SO were determined in both normal and B-CLL cells
after being penetrated by NPs and laser irradiated. The increase of intracellular SO was
significantly higher in B-CLL cells than in normal B lymphocytes. Measurements of the
intracellular SO generation quantum yield after PDT was done by fluorometry quantitative
analysis of photooxidation reactions using either DPBF as the quencher or SOSG as a fluores‐
cent probe for singlet oxygen, as previously described. B-CLL cells as well as normal B
lymphocytes when incubated during 2 h with SOSG and observed under fluorescent micro‐
scopy were clearly penetrated by this fluorescent probe. The measurement of the intracellular
fluorescence spectra of SOSG in the presence of 0.5% Mn-doped ZnO NPs inside B-CLL cells
and normal B lymphocytes was possible by using our described method and by recording its
changes every minute up to 7 min upon irradiation (Figure 8). A selective increase in the
intensity of the fluorescence of SOSG especially in B-CLL cells as a result of the larger pro‐
duction of intracellular SO induced by the action of light when these 0.5% Mn-doped ZnO NPs
have already penetrated these cells was recorded. SO quantum yields were determined with
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the graph of time dependent of SOSG in the presence of NPs inside cells after PDT (Figure 9).
A quantitative comparison of the intracellular SO generation between normal lymphocytes
and B-CLL cells, both treated with Mn 0.5%-doped ZnO NPs and PDT, using this SOSG
fluorescent probe, showed a significant increase in SO generation in malignant leukemic cells
rather than in normal ones (Figure 10a and b). The quantum yield was calculated using
Equation (1) [91], and the values were 0.88 in B-CLL cells and 0.49 in normal lymphocytes
using SOSG as a fluorescent probe for singlet oxygen, as previously described.
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Figure 8. Intracellular PL spectra of SOSG at 5 μL/mL from B-CLL cells (4 million/2 mL PBS) penetrated by of 0.5%
Mn-doped ZnO NPs at 0.2 mg/mL, while the cellular suspension was irradiated with a green laser 532 nm at a distance
of 40 cm every minute up to 7 min. The excitation wavelength was 488 nm. The increase in the fluorescence intensity of
SOSG as a function of time irradiation is clearly observed. There was no interference in the measurements produced by
the cells.

Figure 9. Time dependent of SOSG at 5 μL/mL by SO produced by 0.5% Mn-doped ZnO NPs at 0.2 mg/mL and RB at
1.0 × 10–5 M and incubated with B-CLL lymphocytic cells (4 million/2 mL PBS) while irradiating with a green laser 532
nm at a distance of 40 cm up to 7 min every 1 min.
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Mn-doped ZnO NPs at 0.2 mg/mL, while the cellular suspension was irradiated with a green laser 532 nm at a distance
of 40 cm every minute up to 7 min. The excitation wavelength was 488 nm. The increase in the fluorescence intensity of
SOSG as a function of time irradiation is clearly observed. There was no interference in the measurements produced by
the cells.

Figure 9. Time dependent of SOSG at 5 μL/mL by SO produced by 0.5% Mn-doped ZnO NPs at 0.2 mg/mL and RB at
1.0 × 10–5 M and incubated with B-CLL lymphocytic cells (4 million/2 mL PBS) while irradiating with a green laser 532
nm at a distance of 40 cm up to 7 min every 1 min.
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Figure 10. (a) Quantitative comparison of the intracellular SO generation after PDT by a fluorescent probe SOSG be‐
tween normal lymphocytes and B-CLL cells from 5 healthy donors and 5 CLL patients treated with 0.5% Mn-doped
ZnO NPs. (b) Singlet oxygen sensor green (SOSG) quantum yield (QY) of Mn 0.5%-doped ZnO NPs inside normal
lymphocytes and B-CLL cells.

B-CLL cells as well as normal B lymphocytes when incubated during 2 h with SOSG and
observed under fluorescent microscopy were clearly penetrated by this fluorescent probe. The
measurement of the intracellular fluorescence spectra of SOSG in the presence of 0.5% Mn-
doped ZnO NPs inside B-CLL cells and normal B lymphocytes was possible using our
described method and recording its changes every minute up to 7 min upon irradiation (Figure
8). A selective increase in the intensity of fluorescence of SOSG especially in B-CLL cells as a
result of the larger production of intracellular SO induced by the action of light when these
0.5% Mn-doped ZnO NPs have already penetrated these cells was recorded. SO quantum
yields were determined with the graph of time dependent of SOSG in the presence of NPs
inside cells after PDT (Figure 9). A quantitative comparison of the intracellular SO generation
between normal lymphocytes and B-CLL cells, both treated with 0.5% Mn-doped ZnO NPs
and PDT, using this SOSG fluorescent probe, showed a significant increase in SO generation
in malignant leukemic cells rather than in normal ones (Figure 10a and b). The quantum yield
was calculated using Equation (1) [91], and the values were 0.88 in B-CLL cells and 0.49 in
normal lymphocytes using SOSG as a fluorescent probe for SO, making this difference
significant (p < 0.04) (Figure 10a). In Equation (1), ΦΔsample = ΦΔref Ksample / Kref, where ΦΔref is the
SO quantum yield of rose bengal (RB) and Ksample and Kref are the slopes of the plot of the time-
dependent increase of SOSG, expressed as the increase of fluorescence at 526 nm of the
measured 0.5% Mn-doped ZnO NPs and the RB, respectively (Figure 9). The other method
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used to calculate the production of intracellular SO was that in which DPBF performed as the
chemical quencher in a decomposition reaction. In the analysis of DPBF oxidation by SO,
Ksample and Kref are the slopes of the plot of the time-dependent decomposition of DPBF,
expressed as the decrease of fluorescence at 453 nm of the measured 0.5% Mn-doped ZnO NPs
and the RB, respectively (Figure 11). In this way, SO production was significantly higher in B-
CLL cells compared to normal lymphocytes when both types of cells were treated with NPs
and PDT [6, 18, 51] (Figure 12a and b). Fluorescence spectra photooxidation of DPBF in the
presence of 0.5% Mn-doped ZnO NPs inside B-CLL cells showed that DPBF reacts with SO,
causing a progressive decrease in the intensity of the quencher (Fig 13). This decomposition
of DPBF by SO produced by the use of RB and 0.5% Mn-doped ZnO NPs in B-CLL cells was
a time-dependent phenomenon, and again there was an increased production of intracellular
SO much higher in B-CLL cells than in normal lymphocytes when PDT was delivered (Figure
12a and b). The quantum yield of SO for B-CLL cells was 0.21 and 0.10 for normal lymphocytes
using DPBF as the chemical quencher. Then it is clear that a similar phenomenon was observed
in both cases when SOSG or DPBF were used.

Figure 11. Time-dependent decomposition of DPBF at 6.0 × 10–5 M by SO produced by 0.5% Mn-doped ZnO NPs at 0.2
mg/mL and RB at 1.0 × 10–5 M and incubated with B-CLL cells (4 million/2 mL PBS) and irradiated with a green laser
532 nm at a distance of 40 cm up to 14 s every 2 s.

SO production was found to be increased in both normal and B-CLL cells when cultured with
0.5% Mn-doped ZnO NPs and laser irradiated, but this increase in SO production was always
significantly higher in B-CLL cells compared to normal lymphocytes.

3.11. Cytotoxicity levels produced by NP treatment with and without PDT

Cytotoxicity levels produced by each of the NPs described before on B-CLL cells compared to
that on normal B lymphocytes at 24 and 48 h with and without laser irradiation was in all cases
significantly higher (Figure 14). At the 0.2 mg/mL concentration, NP2 (0.5% Mn-doped ZnO
NPs) was the most effective NP in relation to killing activity of B-CLL cells while having a
minimum effect on normal B lymphocytes. The 0.5% Mn-doped ZnO NPs effectively elimi‐
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nated the largest amount of fludarabine-resistant B-CLL cells with almost no lost produced in
the viability of normal healthy lymphocytes. The intracellular increase of SO production
correlated well with cell mortality, as will be described later. After 24 h in culture, both healthy
(H) and leukemia (L) cells without NPs had a spontaneous cell death of 5% and 20%, respec‐
tively (Figure 14). Cell irradiation with lasers showed no statistical difference in terms of
apoptosis or mortality in both cell populations at this time, when no NPs were used. However,
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Figure 12. (a) Quantitative comparison of the intracellular SO generated after PDT by fluorometry quantitative analy‐
sis of photooxidation reactions using DPBF as quencher between normal lymphocytes and B-CLL cells penetrated by
0.5% Mn-doped ZnO. (b) Singlet oxygen (SO) quantum yield (QY) generated in normal lymphocytes and B-CLL cells
penetrated by 0.5% Mn-doped ZnO after PDT.
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Figure 13. Intracellular PL spectra photooxidation of DPBF at 6.0 × 10–5 M from B-CLL (4 million/2 mL PBS) cells pene‐
trated by 0.5% Mn-doped ZnO NPs at 0.2 mg/mL. The suspension was irradiated with a green laser 532 nm at a dis‐
tance of 40 cm every 2 and up to 14 s. The excitation wavelength was 410 nm. DPBF reacts with SO, which causes a
decrease in the intensity of the quencher. There was no interference in the measurements by the cells.
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when cultured during the same period of time, but exposed to Zn NPs, B-CLL cells without
irradiation showed an important loss of viability, especially if culturing time is prolonged to
48 h. Percentages of cytotoxicity increased significantly with PDT at 24 and 48 h in B-CLL cells
cultured with NPs. The maximum increase in mortality of B-CLL cells was achieved with NPs2
at 48 h when PDT was applied. Our NPs have distinct effects on cell viability by killing B-CLL
cells, but it had very few effects on normal lymphocytes. The marked differences observed in
cytotoxicity between B-CLL cells and normal lymphocytes especially using the 0.5% Mn-doped
NPs suggest a very exciting potential for these NPs as a novel alternative for leukemia
treatment, especially when PDT was applied simultaneously. These NPs induce autophagy in
B-CLL cells, which is mediated by SO. B-CLL cells are known to have elevated levels of ROS
[1, 6, 56]. We aimed to test a novel ROS-mediated strategy to eliminate fludarabine-resistant
B-CLL based on this redox alteration. Our study demonstrated that the Mn-doped ZnO NPs
with PDT are effective in eliminating fludarabine-resistant B-CLL cells through SO mechanism
with low toxicity to normal lymphocytes. Apoptosis levels for irradiated and nonirradiated
cells cultured with NPs2 at 24 and 48 h detected by flow cytometric analysis (annexin V/PI
double staining) were always significantly higher in B-CLL cells compared to normal lym‐
phocytes (Figure 14). Apoptotic normal B lymphocytes and B-CLL cells at 24 h cultured with
NPs2 were 14% and 49%, while these percentages moved up after laser irradiation (PDT) to
28% and 90% (p < 0.001), respectively (Figure 14). Comparison of the mean IC50 of 0.5% Mn-
doped ZnO on B-CLL cells (n = 5) and normal lymphocytes (n = 5) clearly showed a significant
difference when NPs2 were used to treat B-CLL cells. Fludarabine-resistant B-CLL cells were
clearly much more sensitive to NPs2, with an IC50 value of 0.1 mg/mL, while normal lym‐
phocytes had an IC50 value a lot above and significantly higher for that same NP2 of (Figure
15). MTT assays comparing primary B-CLL cells isolated from the blood samples of the 5 CLL
patients (L), which were considered clinically fludarabine resistant with unmutated Ig VH and
that of normal B lymphocytes from healthy subjects (H) sensitivity to the action of NPs, clearly
showed that the dose response to NPs2 in the fludarabine-resistant B-CLL cells was signifi‐
cantly greater than that observed in normal lymphocytes (Figure 14). SO production was found
to increase in both normal and B-CLL cells when cultured with NPs2. This increase in SO
production was significantly higher in B-CLL cells compared to normal lymphocytes. This
increased intracellular SO production correlated well with cell mortality (Figure 16).

Figure 14. Apoptosis levels for irradiated and nonirradiated B-CLL cells and normal B lymphocytes cultured with 0.5%
Mn-doped ZnO NPs (NPs2) at 24 h detected by flow cytometric analysis (annexin V/PI double staining)
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Figure 15. Comparison of the mean IC50 of 0.5% Mn-doped ZnO NPs on B-CLL cells (n = 5) and normal B lymphocytes
(n = 5).

Figure 16. Mortality/viability levels of B-CLL cells incubated with 0.2 mg/mL of 0.5% Mn-doped ZnO NPs for 48 h and
PDT. Observed under fluorescence microscopy with FluoroQuench (acridine orange/propidium iodine: 95% mortali‐
ty).

Mortality/viability levels of B-CLL cells incubated with different NPs were tested using our
FluoroQuench method as well with MTT and flow cytometry techniques, as explained before.
The results were similar no matter the technique used; the incubation of B-CLL cells with 0.2
mg/mL of 0.5% Mn-doped ZnO NPs for 48 h and PDT produced the highest level of cell
mortality (Figure 16). Also, as it has been described in Chapter 4.1.10, in every case, cells were
used for cell viability testing normal and B-CLL cells without NPs were always used as blanks
or controls samples.
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3.12. Measurement of free ion Zn after incubation of cells with NPs

No dosable free ion Zn was measured in the ultrapure water with NPs2 after 72 h of incubation.
Tests of cytotoxicity with the possible amount of free ion Zn that could have been determined
in these measurements were not further necessary as no free Zn was detected at all in the
analyzed ultrapure water.

3.13. Morphological cell changes after treatment with NPs with or without PDT

As observed by optical and fluorescent microscopy, but especially by TEM, and photograph‐
ed (Figure 17),  both types of cells could undergo a process of cell  death after 0.5% Mn-
doped ZnO NP treatment with or without PDT, corresponding to features of autophagy,
but this phenomenon was always stronger when PDT was applied. This autophagic cell
death was especially pronounced, much more advanced, massive, and faster on B-CLL cells,
affecting  almost  all  of  them  treated  in  this  way  (Fig  17).  In  the  other  hand,  normal  B
lymphocytes only suffered autophagic changes in a very lesser degree and basically in the
form of an isolated pattern in which only few cells went through this dying pathway besides
being treated in  the same way and during the same period of  time.  In  this  scenario of
autophagy, the formation of double membrane-bound organelles predominated in B-CLL
cells when treated with 0.5% Mn-doped ZnO NPs alone but predominantly when PDT was
simultaneously applied. These organelles were clearly autophagosomes, and by this specific
detail,  the observed dying process can undoubtedly be considered as autophagy (Figure
17), which denotes any cellular pathway involving the delivery of cytoplasmic material to
the lysosome for degradation [109, 110, 111].
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Figure 17. Thin-section TEM images of formation of double membrane-bound organelles in a B-CLL cells when treated
with 0.5% manganese-doped ZnO NPs and PDT. These organelles are autophagosomes, and the cell dying process is
undoubtedly autophagy

4. General conclusions

In this study, light parameters were primarily evaluated (e.g., intensity of light, broad vs.
specific wavelength, and coherent vs. noncoherent nature of light source) for the PSs and
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quenchers selected to enhance their effect on SO production. The indirect method using DPBF
and DPF as quenchers of SO was tested with different light sources incorporating variations
in their intensity. Different coherent and noncoherent light emissions with broad and specific
wavelength characteristics were used, finding useful and reliable correlations with enhanced
generation of SO species in methanol and water. All this information was of great importance
for the in vitro studies later on performed as the corresponding SO quantum yields in each
case were elucidated and confirmed. Our results clearly suggest the strong influence of the
LED lasers and light power intensities on the quantum yield of SO in the presence of different
PS–quencher photooxidation pairs under simultaneous aeration in methanol and water. The
best results in these circumstances were obtained with specific wavelength LED lasers, which
allowed the exact selection of wavelengths and the precise application of light in contrast to
lamps, LED flashlight, and fluorescent light bulbs. Considering that PDT depends largely on
the light source, the choice of the emission wavelength could usually range from 350 to 1100
nm, depending on the area of the tumor to be treated. In our case, after performing many
systematic experiments on the effects of LED lasers of different intensities as excitation sources
on SO quantum yields, we choose a laser on a wavelength of 532 nm because at this wavelength
are excited nanoparticles to trigger photochemical reactions, which produced reactive SO that
killed BCLL by autophagy. Important data between fundamental physical properties of light
sources and enhanced SO production using standard sensitizers and inorganic NPs have also
been found and analyzed in order to characterize for the reliable, precise, and reproducible
measurement and employment of SO in cancer treatment, especially B-CLL. The quantum
yield of SO production via sensitization may be given by the sum of contributions due to O2

quenching of S1 and T1, the lowest excited singlet and triplet states of the PS. Values of ϕ∆
depend on solvent, reaction conditions, light source, measurement technique, and concentra‐
tion of O2. Values obtained here are very consistent with the literature for RB and MB using
different quenchers or scavengers. We obtained very good results in agreement with the
literature, where the QYs of SO were 0.75 for RB and 0.5 for MB using RNO with L-histidine
or imidazole as chemical scavengers in both cases. SO reacts with L-histidine or imidazole via
a Type II mechanism, in which SO is generated via an energy transfer process. As a very
interesting and novel contribution, NPs were found to be able to participate in the actual
mechanisms of PDT, mainly by acting as photosensitizers themselves and clearly enhancing
SO generation extra- and intracellularly. We produced and tested a variety of metal Zn NPs
with good properties for SO generation, of which one made of 0.5% Mn-doped ZnO (0.5% Mn-
doped ZnO) had the best killing activity in fludarabine-resistant and unmutated Ig VH B-CLL
cells, especially when combined with PDT. Some nanomaterials like this last one can generate
and enhance SO inside and outside the cells, with and without PDT, but especially if it is used.
Although this area has not received as much attention as the application of nanomaterials to
electronics or catalysis, it represents a promising route to overcoming many of the difficulties
associated with traditional PDT. Quantum dots meet the first five criteria for good PSs: they
are compounds with constant composition, are not cytotoxic in the absence of light, but have
a potential to induce cytotoxicity with and even without UV irradiation. The intracellular
delivery of QDs can be facilitated by surface coatings, and they can be functionalized to be
both water soluble and biocompatible. The synthesis of different immunocompatible QD
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bioconjugates (e.g., QD-cluster-of-differentiation (CD) antibodies) can guarantee their specific
localization into target tissues. One benefit of their unique optical properties is that they can
be precisely tuned from the UV to the infrared (IR) region of the spectrum by changing their
size and composition. Their emission properties result from quantum-confinement effects and
can be tuned to emit into the near-IR region in contrast to the visible emission of the most
conventional PSs. Furthermore, because of their large transition dipole moment, QDs are
strong absorbers, making them potential candidates for application in photodynamic proc‐
esses, which has been clearly demonstrated in our B-CLL cell tests, also specifically inducing
the autophagic cell death of these malignant cells especially when PDT is delivered simulta‐
neously. NPs seem to offer the best hope for extending the reach of this promising therapy to
regions deep in the body or even the blood in patients with B-CLL. It is clear now that NPs
could provide many advantages over those of traditional PS such as RB. These PS have limits,
especially in their clinical applications, derived from a very low lipid solubility as well as by
their possible intrinsic toxicity due to a high polarity. Then metal NPs, like the ones described
here, could be an optional effective treatment for drug-resistant forms of B-CLL and may also
be for many other types of malignant tumors like lymphomas. As shown in our results, we
measured the generation of SO in all our cell experiments using NPs with and without laser
irradiation at a wavelength of 532 nm by three different analytical methods: spectrophotometry
and fluorometry analysis of DPBF oxidation as well as by the use of a fluorescent probe: singlet
oxygen sensor green (SOSG). A standard photosensitizer, RB, of a known SO quantum yield
was used to calculate de SO QY of the NPs. The singlet oxygen quantum yield of rose bengal
was always significantly higher compared with the QY of any of the NPs. Anyway, as NPs
could have several advantages, compared to PSs such as RB, our results are surely of great
importance especially in the translational use of these new technologies. It was clearly
demonstrated that there was a significant higher generation of SO when 0.5% Mn-doped ZNO
NPs were used, and these results seem to indicate that this kind of NP could be the most
appropriate to use in living models when SO generation could be needed as a therapeutic
strategy. Then the most interesting sample tested in order to use in further experiments with
living cells, animal models, or even patients as a potential intracellular SO generator should
be 0.5% Mn-doped ZnO NPs, which generated the highest amounts of SO compared to the
other Mn-doped samples at 1%, 1.5%, and 2%. These features make 0.5% Mn-doped ZnO
nanoparticles potential potent photosensitizers for a combine treatment with PDT (photody‐
namic therapy). One important aspect that we consider fundamental at the moment of
characterization and in vitro cell testing of NPs of these kinds is its degree of sample agglom‐
eration. For investigations of the in vivo effects of ZnO NPs in the circulation as well as for
measuring their effects in vitro, on different cell types, NPs have to be dispersed and deag‐
glomerated well in physiological solutions. However, particles in solutions with physiological
salt concentrations and pH values usually form greater-sized coarse agglomerates. Coarse
agglomerates of NPs have been shown to exert different biological effects as compared to well-
dispersed NPs and could change some of the characterization parameters. Therefore, investi‐
gating the biological effects of nanoscaled particles with dispersions containing coarse
agglomerates is not appropriate. Previously, different methods have been published on ways
to avoid the formation of these coarse agglomerates of NPs dispersed in physiological
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solutions. The importance of the correct ultrasound energy as well as the use of dispersion
stabilizers should always be emphasized for the optimal deagglomeration of NPs. We tried
several procedures described previously in the literature, making human albumin with strong
sonication as the most effective for this purpose. As agglomeration could be a crucial point at
the moment to perform NPs characterization as well as in vivo cellular probes and its clinical
introduction in living organisms, we suggest to take this point in account very seriously in
order to not interfere with the results. When NPs are delivered into the circulation of living
organisms, they first get in contact with albumin and other serum proteins. These proteins
cover the nanoparticles. Our procedure of deagglomeration uses also albumin; thus, NPs
dispersed with this method are covered with the same proteins NPs encounter in the circula‐
tion. TEM and SEM confirmed our findings as preparation with this optimized method
resulted in an improved dispersion and deagglomeration with any of the NPs studied. Doping
at 0.5% with Mn+2 increases the production of SO, which was attributed to the optical properties
of NPs that were changed, and this fact was closely related to the actions of Mn within the
doped NPs. The surface traps of these NPs were eventually quenched by the incorporation of
Mn and was confirmed by PL emission, a phenomenon that correlated well with the reduction
in the surface traps. At higher concentrations of Mn+2 than 0.5%, the generation of SO was
lower due the greatest loss of fluorescence of the NPs, inducing higher density of defects not
favoring energy transfer processes that enter the NPs and oxygen needed in the SO production.
When a dopant is introduced into a nanoparticle like the ones presented here, a range of percent
doping may be most effective in a specific desire clinical action like anticancer selective activity.
Additionally, it may be the case that the most effective percent range depends on the nano‐
particle composition and the dopant composition. In our case, 0.5% Mn+2-doped NPs had the
highest effectiveness in the production of SO. This may be explained in terms of their optical
properties with the presence of this doping, higher fluorescence in the visible region as
compared to those Mn+2-doped NPs at 1.0%, 1.5%, and 2.0%. At this percentage, the optical
and electronic properties of the NPs were favorable for PDT. Mn-doped ZnO NPs have distinct
effects on cell viability by killing B-CLL cells with low toxicity to normal lymphocytes. These
NPs induced a predominant process of autophagy, leading to the massive death of B-CLL cells
related to a higher production of SO. This type of NPs could selectively and rapidly increase,
just by themselves, the intracellular levels of SO in B-CLL cells conducting them to an auto‐
phagic death program that could irreversibly kill them easily but very strongly when delivered
with PDT. Using this kind of treatment, B lymphocytes persist mostly alive and not harmed
at all by these NPs, PDT, or its combination, as it has been proven here. We have seen that very
small variations of intracellular SO concentrations in therapy-resistant leukemic cells could
execute and accelerate these deadly pathways, being these mechanisms potentiated and
increased by the concomitant delivery of PDT, rendering normal cells almost untouched. An
interesting and rapid dying process of the B-CLL cells when incubated with these 0.5% Mn+2-
doped ZnO NPs clearly corresponding to autophagy always occurred. There was double
membrane-bound organelles cell formation known as autophagosomes, seen under transmis‐
sion electronic microscopy (TEM) and correlating well with those intracellular increases of SO,
that we have measured by a novel method first described by us, which was again more intense
when PDT was applied. SO is believed to be the major cytotoxic agent involved in PDT. B-CLL
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cells are known to have elevated levels of ROS. We aimed to test a novel ROS-mediated strategy
to eliminate fludarabine-resistant B-CLL based on this redox alteration. The measurement of
SO in biological environments has been a major task, especially when intracellular values,
without interferences from the external medium, are required. Near-infrared (NIR) lumines‐
cence at 1270 nm in cell environments is confounded by the strongly reduced SO lifetime and
probably had never been achieved until a research group developed an NIR-sensitive photo‐
multiplier tube probe that allowed to clearly identify and measure a true intracellular com‐
ponent of SO signal. However, these few described methods are expensive and required of a
complex technology to be performed. We developed a comparative extensive study with 3
different analytical methods: spectrophotometry, fluorometry analysis of DPBF oxidation, and
analysis of fluorescent probe: singlet oxygen sensor green (SOSG), using a novel method first
described by us, which measured the efficiency of the intracellular production of SO by the
use of the different NPs with and without PDT. There is no current scientific literature of this
kind doing comparative studies of the intracellular production of SO, making our group the
pioneers worldwide. We synthesized a series of ZnO nanoparticles with varying concentra‐
tions of Mn dopant. Each of the nanoparticles were tested for cytotoxic effects in B-CLL cells
as assayed by flow cytometry and propidium iodide/acridine orange staining as well as MTT
assays. It is clear by the results of our experiments that the lowest concentration of Mn doping
(0.5%) could play the most important role in enhancing the cytotoxic effects of our nanopar‐
ticles of the present research. Our intracellular SO measurement method proved to be good
enough, inexpensive, and quite simple that it could easily soon be introduced as a routine but
very important diagnostic tool. PDT is a clinically tested promising technique to treat cancer
and can be associated therapeutically with NPs. Visible emission processes should involve
transitions in which the photogenerated holes at the surface of NPs could be trapped by O2

ions as they are responsible of this phenomenon. Doping with Mn could increase these surface
defects of NPs and improve the processes of PDT. The 0.5% Mn+2-doped ZnO NPs2 were able
to produce the highest level of cytotoxicity and apoptosis in unmutated B-CLL cells as
compared to normal lymphocytes that were quite resistant to this type of therapy, especially
after being irradiated with a green laser (p < 0.01). This differential effect could be due to
changes observed by several authors in the redox state of leukemic and other neoplastic cells
respect to normal ones. The fact that unmutated B-CLL cells responded strongly to the
cytotoxic effect of these 0.5% Mn-doped ZnO NPs after PDT is also very important, suggesting
that this novel therapy with modifications could be used may be soon, as an alternative
effective treatment especially under the occurrence of B-CLL-resistant phenotypes. The 0.5%
Mn-doped ZnO NPs combined with PDT show much promise as a new anticancer therapy,
given the specific autophagic responses triggered in these leukemia cells. It is also interesting
to mention the fact that the best killing results were obtained with the lowest Mn doping
concentrations. This fact could open the door to future studies with even lowest amounts of
this doping agent in the search of the best NP design. NPDT uses light to activate light-sensitive
drugs (photosensitizers) to produce short-lived cytotoxic species such as SO to destroy
malignant cells. We investigated the mechanisms of cell death during PDT using fluorescence
microscopy and imaging and performing fluorometric measurements to help design the better
treatments for resistant forms of B-CLL. We can envision external devices for blood irradiation
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cytotoxic effect of these 0.5% Mn-doped ZnO NPs after PDT is also very important, suggesting
that this novel therapy with modifications could be used may be soon, as an alternative
effective treatment especially under the occurrence of B-CLL-resistant phenotypes. The 0.5%
Mn-doped ZnO NPs combined with PDT show much promise as a new anticancer therapy,
given the specific autophagic responses triggered in these leukemia cells. It is also interesting
to mention the fact that the best killing results were obtained with the lowest Mn doping
concentrations. This fact could open the door to future studies with even lowest amounts of
this doping agent in the search of the best NP design. NPDT uses light to activate light-sensitive
drugs (photosensitizers) to produce short-lived cytotoxic species such as SO to destroy
malignant cells. We investigated the mechanisms of cell death during PDT using fluorescence
microscopy and imaging and performing fluorometric measurements to help design the better
treatments for resistant forms of B-CLL. We can envision external devices for blood irradiation
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by PDT after NP treatments, although “intelligent” ZnO NPs with self-assemblies for energy
discharge and light emission from their same structure or “hybrids” of biodegradable shell
nanoparticles coated with specific monoclonal antibodies are being loaded in their core with
Zn nanoparticles. As this therapy seems to be very specific to fludarabine-resistant B-CLL cells,
without much or any damage made at all to normal lymphocytes, it could contribute as a new
innovative targeted strategy in the near future to be delivered in the clinical setting for the
definitive benefit of these bad prognostic patients. As normal B lymphocytes are much more
resistant than B-CLL cells to the cytotoxic effect of NPs with PDT, we could call this new
therapeutic approach as a very specific one with very low toxicity for nonleukemic cells and
probably very useful not only for B-CLL but also for all the other indolent lymphomas as well
as for all types of cancer.
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Abstract

Leukemia is a rare event in pregnancy. Acute leukemia represents 90% of leukemias
occurring during pregnancy with AML accounting for two thirds of these cases.
During the first trimester of pregnancy, standard chemotherapy has a teratogenicity
rate of up to 20% depending on the specific agent employed. Exposure to cytotoxic
agents during the second and third trimesters is not teratogenic but may predispose
the fetus to growth retardation, premature delivery and bone marrow suppression.
Additionally, the mother and the fetus are at risk of thromboembolism and sepsis.
Only absolutely necessary radiologic work-up is justified during the first trimester of
pregnancy as exposure to radiation during the first 2 weeks of pregnancy is usually
lethal. Thereafter, radiation predisposes to congenital malformations, growth
retardation and malignancy in the newborn. Although most infants exposed to multi-
agent chemotherapy seem to suffer no long-term detrimental consequences, studies
have shown that: (1) cytotoxic chemotherapy can cross the placenta and cause
teratogenicity, (2) there is a potential risk of adult cancer after intrauterine exposure
to radiation, and (3) cytotoxic chemotherapy and radiotherapy increase genetic
defects in germ cells. In the first trimester, the termination of pregnancy should
seriously be considered if the disease is aggressive and if intensive chemotherapy is
needed. In the second and third trimesters, standard chemotherapy can safely be
administered without resorting to pregnancy termination. The choice of specific
regimens depends upon several factors that include: the gestational age, the clinical
status of the patient, the specific type of leukemia and the anticipated toxicity of the
cytotoxic agents employed. The decision is often difficult and confounded by several
concerns, but the management of each pregnant patient with leukemia has to be
individualized and should have a multidisciplinary approach. Vaginal delivery is
preferable while caesarean section is reserved for certain obstetric complications. It is
preferable to time delivery between 32 and 36 weeks of gestation to ensure optimal

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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fetal maturation and it is recommended to avoid maternal bone marrow suppression
prior to delivery.

The management of chronic leukemia in pregnancy is generally easier than that of
acute leukemia. However, certain precautions should be taken as some targeted
therapies need to be avoided and they may need to be replaced by alternative therapies
that are less effective in controlling chronic leukemia. Pregnancy in patients with
chronic myeloid leukemia on tyrosine kinase inhibitors requires proper planning as
it is essential to have optimal control of the disease for 2 to 3 years prior to having
pregnancy in order to avoid acceleration of the disease during pregnancy.

Leukemia diagnosed during pregnancy can be considered a poor clinical prognostic
factor owing to the less than average long-term disease-free survival due to high
relapse rates and high incidence of refractoriness to chemotherapy. Countries should
have registries for mothers and children exposed to chemotherapy and radiotherapy
and it is essential to have guidelines on the management of various types of leukemia
during pregnancy.

Keywords: Acute leukemia, pregnancy, cytotoxic chemotherapy, chronic leukemia,
abortion, teratogenicity

1. Introduction

During pregnancy, the body of the mother undergoes certain physiological changes that may
make the diagnosis of leukemia more challenging. Thus the diagnosis of leukemia may be
delayed as non-specific manifestations of leukemia such as fatigue, weakness and dyspnea
may be attributed to gestation. Additionally, pregnancy itself may be associated with anemia
and leukocytosis which are also common laboratory findings in patients with leukemia [1].

The diagnosis of leukemia requires morphologic, immunophenotypic and cytogenetic
examination of bone marrow samples. However, bone marrow biopsies can be safely per‐
formed under local anesthesia in pregnant females without any harm to the fetus [1]. Leukemia
itself often presents as a medical emergency that requires prompt initiation of appropriate
therapy. Also, the diagnosis of leukemia in pregnancy is a rather exceptional event that can
generate complex ethical and therapeutic dilemmas. Therefore a multidisciplinary team that
includes hematologists, obstetricians, neonatologists, psychologists and social workers in
addition to the patient should all be involved in making therapeutic decisions [2].

The decision to initiate chemotherapy during pregnancy must be weighed against the
consequences of delaying treatment on maternal survival. In general, therapeutic decisions
must be made on data obtained from prospective clinical trials, but unfortunately the available
data in the literature on the management of most leukemias diagnosed during pregnancy are
derived from retrospective case reports, case series and few meta-analyses [1].
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This literature review will cover the following: the consequences of maternal and fetal
exposures to cytotoxic chemotherapy, radiotherapy and targeted therapies; the detailed
description of coexistence between various types of leukemia and pregnancy; and the specific
data obtained from the major studies and the important case reports on pregnancy in different
types of leukemia.

2. Physiological and hematological alterations in pregnancy

Pregnancy is associated with the following physiological changes that may alter drug metab‐
olism: (1) slow gastric emptying, (2) increase in plasma volume by 50%, (3) increase in plasma
proteins and decrease in serum albumin, (4) enhanced hepatic oxidation, and (5) increase in
glomerular filtration and renal plasma flow [3]. Also, pregnancy is associated with several
hematological complications that include: (1) anemia with iron deficiency, due to blood loss
and nutritional causes, being the commonest hematological disorder; (2) thrombocytopenia
which can be: gestational, due to idiopathic thrombocytopenic purpura, microangiopathic
hemolytic anemia, pre-eclampsia, antiphospholipid antibody syndrome or systemic lupus
erythromatosis evolving during pregnancy; (3) pancytopenia due to: acute fatty degeneration
of the liver, bone marrow failure caused by aplastic anemia or congenital causes, leukemia,
lymphoma or metastatic cancer evolving during pregnancy; (4) inherited or acquired bleeding
disorders such as von Willebrand disease; and (5) venous thromboembolism [4-6].

3. Maternal exposures during pregnancy

Maternal exposure to the following agents during pregnancy may increase the risk of leukemia
in the newborn infants: alcohol intake by the mother, cigarette smoking, antibiotic use, benzene
exposure, exposure to estrogens, diethylstilbestrol and other hormones, bacterial infections,
food-related or respiratory maternal IgE and Helicobacter pylori immunoglobulin G [7-14].
However, intake of the following by pregnant women may have protective effect against the
development of leukemia in the newborn: vitamin supplements, folate supplements and diet
rich in vegetables [15-17].

4. Exposure to diagnostic and therapeutic radiation

The association between in utero irradiation and the increased risk of childhood malignancies
has been studied since the 1950s [18]. The potential deleterious consequences of ionizing
radiation on the fetus include the following: (1) pregnancy loss; stillbirth or miscarriage, (2)
congenital malformations, (3) disturbances in growth or development; growth and mental
retardation, and (4) mutagenic and carcinogenic effects [19]. Radiotherapy given during the
first trimester is associated with teratogenic effects and an increase in the risk of childhood
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malignancy [20]. Radiotherapy given during the second and third trimesters of pregnancy is
associated with: (1) an increased risk for the development of leukemia and solid tumors within
the first decade of life, and (2) an increased risk of neurodevelopmental delay [20].

Diagnostic irradiation of the mother during pregnancy increases the risk of childhood acute
lymphoblastic leukemia (ALL). Also, there is some evidence that exposure of the father to
abdominal X-rays or intravenous pyelograms, prior to conception, increases the incidence of
ALL in the offspring [21]. Prenatal X-ray exposure is associated with 40-80% increase in
childhood cancers [22]. Prenatal exposure to ionizing radiation has been associated with a
statistically significant increase in the incidence of all cancers and specifically leukemia in
newborn infants [18]. However, the average radiation dose from individual diagnostic and
therapeutic procedures has historically declined owing to the improvements in technology
and equipment safeguards [18]. Postnatal X-ray exposure is also linked to a small elevation in
the risk of all cancers in childhood [22]. At doses < 0.05 Gy there is no evidence of increased
risk of: intellectual disability, fetal anomalies, loss of pregnancy or growth retardation [19].
During the first 14 days after fertilization: intact survival or death is the most likely outcome
of radiation exposure ≥ 0.05 Gy (5 Rads). A conservative estimate of the threshold for intrau‐
terine fetal death is > 1 Gy (10 Rads) [19]. After the first 14 days of gestation, radiation exposure
≥ 0.5 Gy may be associated with increased risks of congenital malformations, growth retarda‐
tion and intellectual disability [19]. A total of 10-20 Gy of radiation, when given during
organogenesis is considered to be the threshold dose for severe congenital malformations [20].

There are no reports of adverse fetal effects from diagnostic doses of radioactive iodine.
However, radioactive iodine should not be administered to pregnant women because there is
a concern that it may induce thyroid cancer in the offspring [19]. Antenatal ultrasound
exposure is not associated with an increase in the risk of childhood cancer, so it is safe during
all stages of pregnancy [19,22,23]. Magnetic resonance imaging (MRI) is generally preferred to
other imaging modalities that involve ionizing radiation. However, gadolinium is not
recommended for use in pregnant women [19]. Computed axial and positron emission scans
are contraindicated during pregnancy, particularly in the first two trimesters. Both procedures
can be performed after delivery but caution should be taken in breast-feeding women [23].

5. Exposure to cytotoxic chemotherapy in utero

The effects of cytotoxic chemotherapy on the developing fetus are dependent on the time of
gestation at which such treatment is administered. In the pre-embryonic phase that extends
from fertilization till 17 days after conception, significant damage to the conceptus cells results
in miscarriage [24]. In the embryonic or organogenesis phase which occurs between 2 to 8
weeks following conception, chemotherapy may cause irreversible damage to the newly
formed fetal body organs, while in the fetal phase which extends between the 8th and the 38th
weeks after conception the gastrointestinal and renal tracts as well as cerebral cortex remain
susceptible to chemotherapy-induced toxicity [24].
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In a retrospective study that included 84 mothers with various hematological malignancies
who had received cytotoxic chemotherapy during gestation, 38 fetuses were exposed to
cytotoxic chemotherapy in utero during the first trimester of pregnancy [25]. The delivered
children were followed up for a median time of 18.7 years (range 6-29 years). No cancer or
acute leukemia was reported in the children who had been exposed to chemotherapy in utero
so pregnant females having aggressive hematological malignancies including leukemia can
receive cytotoxic chemotherapy at full doses even during the first trimester of pregnancies [25].
In another retrospective study that included 21 pregnancies in 18 patients with hematological
malignancies, 8 babies were exposed to cytotoxic chemotherapy in utero [26]. Out of the 4
babies exposed to chemotherapy during the first trimester of gestation, 3 had low birth weight
and one was born healthy but died three months later because of gastroenteritis. The fourth
baby had been exposed to chemotherapy during the 3 trimesters of pregnancy, the baby was
born prematurely and subsequently died of intracranial hemorrhage. Out of the 3 babies
exposed to chemotherapy during the second and third trimesters of pregnancy: one died in
utero, one had low birth weight and one was born alive but died of pulmonary hemorrhage
later on. [26]. The adverse effects of cytotoxic and targeted therapies in pregnant females and
newborn infants are summarized in Table 1 [3,27-30]. The adverse effects of cytotoxic chemo‐
therapy and radiotherapy in pregnant mothers and fetuses are included in Table 2 [30]. The
genotoxic and teratogenic effects of various cytotoxic agents are shown in Table 3 [31-33]. The
recommended therapies that are relatively safe in treating pregnant females with leukemia are
summarized in Table 4 [1,2,20,23,34-39].

Drug (class) Common adverse effects in
pregnant mothers

Common adverse effects in
newborn infants

Teratogenic effects

Cytarabine
(pyrimidine analogue)

- Myelosuppression
- Diarrhea
- Skin rashes
- Fever
- Hepatotoxicity

- Myelosuppression
- Infections
- Hepatopathy
- Meningeal hemorrhage
- Respiratory distress
symptoms
-Chromosomal abnormalities:
Down's syndrome and
inversion of chromosome 9.
- Growth defects and
congenital malformations.

- Teratoginic in animals.
- Expected to penetrate
the blood placental
barrier.
- No measurements
performed in human
placenta.

Daunorubicin
(anthracycline)

- Myelosuppression
- Acute and chronic
cardiotoxicity
- Mucositis
- Alopecia
- Nausea and vomiting

- Myelosuppression;
pancytopenia and anemia.
- Hepatopathy and elevated CK
level
- Seizures and respiratory tract
infections

- Teratogenic in mice
- Less teratogenic than
doxorubicin
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Drug (class) Common adverse effects in
pregnant mothers

Common adverse effects in
newborn infants

Teratogenic effects

- Spontaneous abortions,
premature delivery and still
birth.
-Chromosomal abnormalities
and congenital malformations

Idarubicin
(anthracycline)

- Myelosuppression
- Acute and chronic
cardiotoxicity
- Mucositis
- Alopecia
- Nausea and vomiting

- Myelosuppression
- Cardiomyopathy
- Hepatopathy and elevated CK
level
- Acrocyanosis and
hyperbilirubinemia
- Intrauterine fetal death and
growth retardation
- Congenital malformations:
short limbs and macrognathia

- Idarubicin is more
lipophilic than other
anthracyclines so it may
increase the
concentration crossing
the placenta

Doxorubicin
(anthracycline)

- Myelosuppression
- Cardiotoxicity
- Mucositis and alopecia
- Nausea and vomiting

- No major side effects.
- Transient myelosuppression
- Hyaline membrane disease
- Meningeal hemorrhage
- Premature delivery & fetal
distress
- Imperforate anus and
rectovaginal fistula

- Crosses the placenta
- Can distribute into
fetal tissues including
liver, lung and kidneys.

Etoposide
(topoisomerase inhibitor)

- Myelosuppression
- Prolongation of PT and INR
- Hypotension
- Fever and alopecia

- Transient pancytopenia
- Leucopenia
- Hearing loss

- Decreased serum
albumin level
- Potential of elevated
free drug levels and
increase in drug
toxicity.

Mitoxantrone
(anthracenedione)

- Cardiotoxicity
- Hepatoxicity
- Alopecia

- No major adverse effects
reported
- Pancytopenia

- Teratogenic in
animals: fetal growth
retardation and
premature delivery.

Fludarabine
(purine analogue)

- Myelosuppression
- Autoimmune effects
- JC virus-induced progressive
multifocal leukoencephalopathy.

- No fetal adverse effects
reported

- Teratogenic in rats
and rabbits.
- Increased incidence of
skeletal malformations
in rats.

Cyclophosphamide
(alkylating agent)

- Hemorrhagic cystitis
- Cardiotoxicity
- Myelosuppression

- Myelosuppression
- Low birth weight, still birth
and growth retardation

- Teratogenic in animals
- May cross placenta in
mice
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Drug (class) Common adverse effects in
pregnant mothers

Common adverse effects in
newborn infants

Teratogenic effects

- Alopecia, nausea and vomiting - Imperforate anus and
rectovaginal fistula, facial
abnormalities, single left
coronary artery and hernias.

-Teratogenic in mice,
rats and rabbits.

Vincristine
(vinca alkaloid)

- Neurotoxicity
- Alopecia
- SIADH

- Anemia and severe
pancytopenia
- Left shift in leukocytes and
mild infections
- Hyaline membrane disease
- Low birth weight,
spontaneous abortions,
hydrocephalus and cleft lip

- Vincristine is highly
protein bound.
- Penetration into
barriers such as blood
placental barrier may
be limited.

Hydroxyurea
(antimetabolite)

- Myelosuppression - Still birth without gross
abnormalities
- Premature delivery without
congenital defects
- Intrauterine fetal death and
growth retardation

- None reported

Methotrexate
(antimetabolite)

- Myelosuppression
- Acute renal failure

- Spontaneous abortions low
birth weight
- Pancytopenia
- Aminopterine-type syndrome

- None reported

ATRA
(PML-RARA targeted

therapy)

- Hemorrhage
- Differentiation syndrome
- DIC
- Fever

- Miscarriage and fetal death
- Pulmonary hyperplasia and
respiratory distress
- Thrombocytopenia
- Intrauterine growth
retardation

- When give during first
trimester: severe
neurological and
cardiovascular
complications.
- Teratogenicity risk:
85%

Interferon alpha - Fatigue
- Flu-like illness
- Intertility

- Fetal malformations in 1 case
out of 8 patients reported
(concurrent with use of
hydroxyurea).

--

Imatinib
(TKI; first generation)

- Fatigue
- Fluid retention

- Elective abortions done due to
congenital malformations.
- Exophthalmos and brain
abnormalities
- Cardiac and renal anomalies
- Hypospadias and bone
abnormalities

- Teratogenic in
animals: exencephaly,
encephalocele, absent
or reduced frontal or
parietal bones

Dasatinib - Fluid retention - Spontaneous abortions --
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Drug (class) Common adverse effects in
pregnant mothers

Common adverse effects in
newborn infants

Teratogenic effects

(second generation TKI) - Elective abortions

Rituximab
(Anti-CD20 monoclonal

antibody)

- Infusion related reactions
- Myelosuppression

- Few reports show safety in all
trimester of pregnancy
- Transient β-cell depletion has
been reported

--

Table 1. shows adverse effects of cytotoxic and targeted therapies reported in pregnant females and newborn infants

(A) cytotoxic chemotherapy given during the first trimester of pregnancy

Drug Estimated risk of congenital malformations

Cytosine arabinoside 1:8

Cyclophosphamide 1:6

Methotrexate 1:4

Chlorambucil 1:2

Busulfan 1:9

(B) effects of radiation on pregnancy and fetus

Dose of radiation
Effects on the fetus

Gy Rad

< 0.1 < 10 No major effect

0.1-0.15 10-15 Increased risk

2.5 250 Malformations in most cases

> 30 > 300 Abortion

(C) adverse effects of radiation in relation to gestational age

Gestational age Adverse effects

Conception till day 10 Lethal

2 to 6 weeks Teratogenesis and growth retardation

12 to 16 weeks Microcephaly, mental and growth retardation

20 weeks till delivery Sterility, malignancy and genetic defects

Table 2. Adverse effects of chemotherapy and radiation on pregnancy and fetus

High risk
[ > 80% ]

Intermediate risk
[ 20% - 80%]

Low risk
[ < 20% ]

Unknown risk

- Therapeutic radiation to ovaries - Anthracyclines - Methotrexate - Tyrosine kinase
inhibitors
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High risk
[ > 80% ]

Intermediate risk
[ 20% - 80%]

Low risk
[ < 20% ]

Unknown risk

- Alcohol - Cytosine arabinoside - 5 flurouracil - Monoclonal antibodies

- Retinoic acid - Cisplatinum - 6 mercaptopurine - Taxanes

- Valproic acid - Carboplatin - Etoposide - Bleomycin

- Cyclophosphamide
and ifosfamide

- Fludarabine

- Thalidomide - Vinca alkaloids

- Busulfan - Actionomycin D

- Melphalan

- Chlorambucil

- Decarbazine and procarbazine

- Thiotepa

- Stem cell transplantation

- Doxorubicin

Table 3. Genotoxic and teratogenic agents in human classified according to the risk levels

Type of leukemia First trimester Second trimester Third trimester

Non-M 3
Acute myeloid leukemia

- Termination of
pregnancy

- Cytarabine + doxorubicin
- High dose cytarabine

- Cytarabine + daunorubicin

- Cytarabine + doxorubicin
- High dose cytarabine

- Cytarabine + daunorubicin

Acute
promyelocytic leukemia

- Termination of
pregnancy

- ATRA + anthracyclines:
daunorubicin, idarubicin or

doxorubicin

- ATRA + anthracyclines:
daunorubicin, idarubicin or

doxorubicin

Acute
lymphoblastic leukemia

- Termination of
pregnancy

- Corticosteroids

- Modified ALL-induction
regimens of chemotherapy
including methotrexate and

corticosteroids.

- Standard induction regimens of
chemotherapy.

Chronic
myeloid leukemia

- Interferon - α
- Hydroxyurea
- Leukapheresis

- Interferon - α
- Hydroxyurea
- Leukapheresis

- TKIs such as imatinib

- Interferon - α
- Hydroxyurea
- Leukapheresis

-TKIs such as imatinib

Chronic
lymphocytic leukemia

- Leukapheresis
- Corticosteroids

- Leukapheresis
- Corticosteroids
- Chlorambucil

- Cyclophosphamide
- Rituximab

- Leukapheresis
- Corticosteroids
- Chlorambucil

- Cyclophosphamide
- Rituximab
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Type of leukemia First trimester Second trimester Third trimester

Hairy
cell leukemia

- Splenectomy
- Interferon

- Splenectomy
- Interferon
- Cladrabine
- Rituximab

- Splenectomy
- Interferon
- Cladrabine
- Rituximab

Table 4. Recommended therapies and relatively safe medications during pregnancy

6. Leukemia in pregnancy

The annual incidence of leukemia in pregnancy is approximately 1:100,000 pregnancies. This
low incidence can be explained by the fact that leukemia usually spares childbearing ages as
follows: (1) ALL occurs predominantly in childhood and acute myeloid leukemia (AML)
occurs most frequently in late adulthood, and (2) chronic myeloid leukemia (CML) and chronic
lymphocytic leukemia (CLL) predominantly affect individuals belonging to age groups older
than childbearing age [2]. The majority of cases of leukemia in pregnancy are acute leukemia
with AML representing two thirds of cases and the vast majority of chronic leukemias
diagnosed during pregnancy are CML [1,2].

Virtually all cytotoxic agents can cross the placenta and reach the fetus and almost all chemo‐
therapeutic agents have been reported to be associated with congenital malformations in
animal models [1,2]. In humans, chemotherapy administered during the first trimester of
pregnancy in humans may increase the risk of spontaneous abortion, fetal death and major
malformations, but the risk of teratogenesis following cancer therapy appears to be lower in
humans than in animals [1,2]. Exposure to chemotherapy during the first trimester of preg‐
nancy is associated with 10-20% risk of major malformations, but this risk is usually lower
when single agent chemotherapy is administered and when antimetabolites are excluded.
Hence, if the administration of cytotoxic chemotherapy during the first trimester of pregnancy
is essential, therapeutic abortion will become strongly recommended [1,2]. The administration
of chemotherapy during the second and third trimesters of pregnancy is not associated with
congenital malformations, but increases the risk of intrauterine fetal death, growth retardation
and low birth weight. Delivery should be planned to occur 2-3 weeks after the last session of
chemotherapy to allow bone marrow recovery [1,2]. Pregnant females or mothers with
terminated pregnancies receiving cytotoxic chemotherapy require supportive care with: fluids
for hydration and nutritional supplements, safe antimicrobials to treat various infectious
complications, growth factors to shorten the periods of neutropenia, and blood product
transfusions as needed [1].

The data and results of 2 major studies on leukemia in pregnancy are described below [40,41].
At King Faisal Specialist Hospital and Research Center in Riyadh, 32 patients who had
developed leukemia during pregnancy were reported and their long-term follow up was
provided [40]. The primary hematological malignancies were as follows: CML (11 patients), 5
patients with acute promyelocytic leukemia (APL), and non-M3 AML (8 patients). Spontane‐
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ous abortions occurred in 14 patients, therapeutic abortions were performed in 2 patients and
16 live births were delivered at 30-41 weeks of gestation [40]. At the end of the study, the
outcomes of mothers were as follows: 19 patients (59.4%) were dead, 7 patients (21.9%) lost
follow up and only 6 patients (18.8%) were alive. Five of the living patients had already
received HSCT. Out of the 32 patients included in the study, 19 patients (59.4) were subjected
to HSCT to control their primary hematological malignancies [40]. On long-term follow up, 14
transplanted patients (73.7%) were dead and only 5 transplanted patients (26.3%) were alive.
The conclusion that can be drawn from this study is that the long term prognosis of pregnant
females having leukemia is poor even if HSCT is performed for high-risk patients [40]. In
another retrospective study from Japan, 16 patients with leukemia in pregnancy were reported
between 2001 and 2011 [41]. Out of the 16 patients reported: 9 (56.3%) had CML, 5 (31.3%) had
ALL and 2 patients (12.5%) had AML. Out of the 9 patients with CML, 4 received imatinib
therapy which was subsequently interrupted (3 in the first trimester and 1 in the second
trimester). Out the 9 CML patients, 6 patients required treatment with hydroxyurea and/or
interferon while the remaining 3 patients required no treatment after stopping imatinib [41].
Anemia developed in 4 patients and thrombocytopenia was reported in 1 patient. Regarding
fetal outcomes, no perinatal deaths or fetal abnormalities were reported. The diagnoses of acute
leukemia in the 7 patients reported were made in 2 patients during the first trimester, in 2
patients during the second and in 3 patients during the third trimester of pregnancy [41].
Therapeutic abortion was performed in 2 patients with ALL. Chemotherapy was administered
during the second trimester in 4 patients and 1 patient with ALL received chemotherapy after
delivery. All patients with acute leukemia developed thrombocytopenia and 4 patients
developed febrile neutropenia. Mean gestational age at delivery was 32 weeks and 2 perinatal
deaths were reported [41]. The authors concluded that: (1) maternal and fetal morbidity is high
in pregnancies complicated by acute leukemia, and (2) in pregnancies complicated by chronic
leukemia, fetal and maternal prognoses appear to be more favorable and management of
complications is easier compared to acute leukemia [41].

7. Acute leukemia in pregnancy

Virchow described the first case of leukemia in a pregnant woman in the year 1856 [2]. Between
1856 and 1995, more than 500 cases of leukemia in pregnancy were reported [1]. It is estimated
that 23% of acute leukemias are diagnosed during the first trimester, 37% during the second
trimester and 40% during the third trimester of pregnancy [2]. The majority of leukemias
diagnosed in pregnancy are acute and predominantly myeloid as the incidence of ALL is more
common in childhood and adolescence [1,2,24]. The presentation of acute leukemia in preg‐
nancy is broadly similar to that in nonpregnant females although pregnancy may obscure the
diagnosis of leukemia as pregnant ladies often describe nonspecific symptoms such as fatigue
and tiredness [1,24]. Pregnant females with leukemia particularly acute leukemia present with
anemia, thrombocytopenia and neutropenia in addition to recurrent infections due to bone
marrow failure caused by the aggressive malignancy [2]. The diagnostic work up of pregnant
females should be the same as their nonpregnant counterparts apart from the avoidance of
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certain radiological procedures due to their adverse effects on the fetus [2]. Although a bone
marrow aspirate and a trephine biopsy may be performed safely in pregnancy, these can be
avoided if confirmation is clear possibly by means of peripheral blood microscopy, flow
cytometry and molecular analysis [24].

If the disease is left untreated, it will likely result in maternal and fetal mortality. A decision
to delay initiation of induction chemotherapy negatively impacts on the likelihood of remis‐
sion [24]. There are no prospective studies that compare the outcome of pregnant ladies with
their nonpregnant counterparts [2]. However, data suggest that maternal outcomes for AML
following chemotherapy are analogous to nonpregnant females and consequently delay in
commencing chemotherapy is to be avoided. The therapeutic approach to the management of
acute leukemia in pregnancy, regardless the subtype, is generally similar [24].

Vertical transmission of leukemia to the fetus is exceptionally rare due to the placental barrier
and the fetal immune system [2]. Cytotoxic agents have a relatively low molecular weight and
most of them can cross placental barrier and reach the fetus [2]. When treating a pregnant
woman with chemotherapy, it is essential to consider many gestational physiological changes
that can potentially alter the effectiveness of chemotherapeutic agents by changing their
metabolism and clearance [2]. During pregnancy, plasma volume is increased leading to
enhancement of renal clearance and hepatic oxidation of drugs. Lower plasma drug exposures
to doxorubicin, epirubicin and carboplatin have been described during pregnancy [2].
However, the physiological changes in pregnancy have their effects on drug exposure, drug
effectiveness and drug toxicity and all these factors make management of acute leukemia in
pregnancy a rather difficult task [2].

The data and the results of 5 major studies on acute leukemia in pregnancy are summarized
below [42-46]. In March 1993, a questionnaire was sent to 362 gynecology and obstetrics centers
in Japan and answers were obtained from 260 centers [42]. A total of 103 patients with acute
leukemia in pregnancy were reported in that study, 39 of them were obtained from the
questionnaire survey and 64 patients were reported from literature review [42]. The following
conclusions and results were made: (1) maternal survival was longer in patients treated
between 1985 and 1993 compared to patients treated between 1975 and 1984, (2) survival was
significantly longer in patients in whom induction chemotherapy was commenced before
delivery compared to patients in whom chemotherapy was started after delivery, (3) treatment
of acute leukemia during pregnancy should be started as soon as possible after establishing
the diagnosis of leukemia with carefully selected chemotherapeutic regimens, and (4) the time
of delivery should be selected considering maternal and fetal circumstances after consultation
with obstetricians [42].

In a Canadian study, 7 patients with acute leukemia were included and 51 additional patients,
reported between 1975 and 1987, were added [43]. Out of the 58 pregnant women reported,
53 patients received chemotherapy for acute leukemia during pregnancy. Forty nine pregnan‐
cies results in birth of 50 infants, 28 of them were prematurely delivered and 4 had low birth
weights [43]. Cytopenias at birth were encountered in 39% of newborn infants who had been
exposed to cytotoxic medications in the last month of pregnancy. One child had congenital
malformations, neuroblastoma arising from the adrenal gland and papillary thyroid cancer
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[43]. Long-term follow-up (ranging between 1 and 17 years) of the 7 Canadian patients showed
normal growth of babies and no malignancies were encountered in the children born. The
authors recommended having a central registry in order to document long-term complications
in children exposed to chemotherapy in utero [43].

In a French retrospective study, 37 patients with acute leukemia (31 AML patients and 6 ALL
patients) were reported [44]. The diagnosis of leukemia was made in: 9 patients in the first
trimester, 10 patients in the second trimester and 18 patients in the third trimester of pregnancy.
Cytogenetic analysis results were favorable in 10 patients, unfavorable in 6 patients and
intermediate in 12 patients [44]. The outcomes of the pregnancies were as follows: 15 preg‐
nancies ended in abortions (2 spontaneous and 13 therapeutic) and 22 deliveries (13 sponta‐
neous vaginal deliveries and 9 cesarean sections) were reported. Out of the 23 healthy babies
delivered, 22 of them had been exposed to chemotherapy during gestation [44]. Disease
outcomes were as follows: 34 patients (92%) achieved complete remissions (CRs) of their
leukemias, 2 patients (5.4%) had refractory disease, 1 patient (2.7%) had toxic death and 11
patients developed severe nonhematological complications [44]. HSCT was performed in 11
patients (6 autologous and 5 allogeneic). Disease-free survival was 65% at 3 years and 54% at
5 years, while overall survival was 64% at 3 years and 46% at 5 years. Follow-up showed death
of 12 patients (32.4%) at 3.4 years and relapse of 10 patients (27%) at 11.9 months [44]. The
authors concluded that: (1) although pregnancy, in general, does not affect the outcome of
acute leukemia, relapse rate in pregnant ladies with acute leukemia is relatively high; (2)
chemotherapy during the first trimester of pregnancy requires the termination of pregnancy
to allow appropriate therapy to be administered; and (3) chemotherapy administration during
the second and third trimesters of pregnancy does not require termination of pregnancy [44].

In a survey that had been performed at 24 institutions in Japan over 11 years, 11 cases of acute
leukemia during pregnancy were reported [45]. Out of the 11 patients with acute leukemia, 8
patients had AML and 3 patients had ALL. The diagnosis of acute leukemia was made in 6
patients in the first trimester, 1 patient in the second and 4 patients in the third trimester [45].
Infant outcomes were as follows: 5 out of 6 patients had abortions before chemotherapy and
1 elective abortion was performed after chemotherapy, while all the patients diagnosed in the
second and third trimester of pregnancy delivered live births. Four of the mothers diagnosed
in the first trimester achieved CR of their leukemias, while 2 patients died of recurrent
leukemia. Four of the mothers diagnosed in the second and third trimesters had CR and
remained in remission, while 1 patient died of sepsis following cesarean section [45]. The
authors concluded that careful surveillance and monitoring of the fetus in addition to close
co-operation between hematologists, gynecologists and pediatricians are essential to success‐
fully treat pregnant women with acute leukemia [45].

A retrospective study included 10 pregnancies in 8 patients with acute leukemia (6 patients
with AML and 2 patients with ALL) [46]. The diagnoses of acute leukemia were made in 6
pregnancies in the first trimester, 3 pregnancies in the second trimester and 1 patient in the third
trimester. Three pregnancies ended in spontaneous abortions, 3 in intra-uterine fetal death and
3 in therapeutic abortions [46]. One spontaneous abortion and one intrauterine fetal death were
encountered during combination chemotherapy (cytarabine and daurorubicin) given for AML.
Only 1 baby survived and that baby was never exposed to chemotherapy [46]. The conclu‐
sions from this study included the following: (1) while none of the mothers had obstetric
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complications, 5 out of 8 pregnant women with acute leukemia died because of primary disease,
and (2) fetal outcome was very poor, thus the diagnosis of acute leukemia particularly during
early pregnancy carries poor outcome for both the fetus and the mother [46].

8. AML in pregnancy

AML occurs more frequently in young adults and in elderly individuals. Consequently, more
data are available on the management of AML in pregnancy [1,24]. As AML is an aggressive
malignancy, delaying chemotherapy has adverse consequences on the mother so a balance
between having the consequences of intensive chemotherapy on both the mother and the fetus
as well as the negative impact of postponing chemotherapy on the mother must be carefully
evaluated [1,24]. Also, the possibility of long-term consequences of cytotoxic chemotherapy
on future fertility of the mother has to be taken into consideration [24,27]. Clinical studies and
recent research suggest: (1) a similar prognosis for women treated during pregnancy as
compared to nonpregnant patients, and (2) most modern remission induction chemothera‐
peutic regimens used in the treatment of acute leukemia do not induce sterility [24].

The existing therapeutic protocols or regimens including modern agents that are utilized in
the management of AML include: anthracyclines such as daunorubicin, idarubicin and
doxorubicin; antimetabolites such as cytarabine; topoisomerase II inhibitors such as etoposide;
monoclonal antibodies such as gemtuzumab (myelotarg, anti-CD33 monoclonal antibody);
and multikinase inhibitors [24]. The induction regimens of AML consist of a combination of
cytarabine and an anthracycline, while various combinations of intensive chemotherapies are
used in the consolidation therapy [1,2]. Enough data is available on the use of cytarabine and
anthracyclines during pregnancy, except in the first trimester, but there is a lack of data on the
use of modern therapies such as gemtuzumab and multikinase inhibitors in pregnant females
having AML [1,24]. Cytarabine therapy in pregnancy carries a significant risk to the fetus, so
its use is not advocated in the first trimester of pregnancy [2]. The administration of cytarabine,
alone or in combination with other chemotherapeutic agents such as anthracyclines, during
the first trimester is associated with the development of congenital malformations, miscar‐
riage, low birth weight and fetal death, while embryonic exposure to etoposide is associated
with genomic instability and mixed-lineage leukemia (MLL) rearrangement [2,24]. The
unfavorable experiences of chemotherapy in the first trimester of pregnancy have resulted in
the recommendation for therapeutic abortion and the decision to treat AML in the first
trimester with a regimen containing an antimetabolite must be accompanied by careful
counseling of the mother [1,24]. So, in pregnant females with AML presenting during the first
trimester, termination of pregnancy is strongly recommended then intensive chemotherapeu‐
tic regimens that include cytaribine and anthracyclines should be commenced [1,2].

The experience with the use of anthracyclines during pregnancy is limited mostly to doxoru‐
bicin and daunorubicin as idarubicin which is more lipophilic may be associated with higher
rates of fetal complications [2,27]. Three major studies that included more than 200 patients
with various cancers including hematological malignancies (at least 60 of them were treated
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during the first trimester of pregnancy with doxorubicin, daunorubicin, cytarabine and other
chemotherapeutic agents) reported the following complications: pre-eclampsia, premature
deliveries, stillbirths, miscarriages, congenital malformations, intrauterine fetal death, growth
retardation and neonatal sepsis. These studies confirmed that doxorubicin is more effective
and safer than other anthracyclines in treating leukemia during pregnancy. However, it is still
unknown whether exposure to anthracyclines is cardiotoxic to the developing fetus [2].

The administration of cytotoxic chemotherapy including cytarabine in the second and third
trimesters of pregnancy is associated with intrauterine fetal death and growth retardation, pre-
term deliveries in addition to neonatal cytopenias that may cause deaths due to severe
infections, but no increase in congenital malformations, unfavorable neurological develop‐
ment or childhood malignancy [1,24,27]. In patients presenting during the second or third
trimesters of pregnancy, induction chemotherapy with cytarabine and either daunorubicin or
doxorubicin should be instituted promptly [1,2,24]. In AML relapsing during pregnancy, the
termination of pregnancy should be performed as treatment of AML in relapse includes: high
dose chemotherapy followed by HSCT or experimental therapy all of which cannot be
delivered during pregnancy [1,2].

Adequate supportive care should be given to mothers as aggressive chemotherapy may cause
infections, nausea, vomiting and variable cytopenias [1]. Regular surveillance for the devel‐
opment of congenital abnormalities and monitoring of fetal cardiac function are essential
[1,24]. Delivery should be electively planned after the 32nd week of gestation and it should be
done 2-3 weeks after the last session of chemotherapy to allow recovery of bone marrow
function [2].

In a large systematic review that included 83 pregnant females with AML diagnosed and
treated between January 1969 and June 2014, 85 fetuses were exposed to cytotoxic chemother‐
apy during pregnancy [27]. During the first trimester of pregnancy 8 mothers were treated and
all achieved CR, 61 mothers were treated during the second trimester and 81% of them
achieved CR, while 14 patients with AML were treated during the third trimester and 67% of
them achieved CR of their AML. Fetal deaths and/or spontaneous abortions occurred in 37.5%
of cases in the first trimester, 9.7% of cases in the second trimester and 0.0% of cases in the third
trimester of pregnancy [27]. All fetuses were exposed to cytarabine, 47 fetuses were exposed
to daunorubicin and only 8 fetuses were exposed to idarubicin. In fetuses exposed to cytarabine
and daunorubicin, fetal defects occurred in 8.5% of cases and fetal deaths were encountered
in 6.4% of cases, while in fetuses exposed to cytarabine and idarubicin, fetal defects occurred
in 28.6% of cases and fetal deaths occurred in 12.5% of cases [27]. The following conclusions
were made: (1) treatment during the second and third trimesters of pregnancy resulted in fewer
fetal complications than in the first trimester, (2) delaying treatment of AML may adversely
affect the outcomes of pregnant mothers, (3) induction chemotherapy administered during
pregnancy resulted in CR rates comparable to those obtained in nonpregnant females, and (4)
the choice of anthracycline is unclear but the decision should be made with careful consider‐
ation, weighing the outcomes of both the mother and the fetus [27].

In a retrospective study that was published in 1977 the outcomes of 32 pregnant mothers with
AML and their offspring were reported [47]. Out of the 32 pregnancies with AML reported
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between 1905 and 1976, the outcomes of 27 mothers were known and only 1 of these mothers
was alive and the survival rate was 3.7% for 6 months postpartum. Approximately 43% of
fetuses were either delivered normally or were premature live births, while 53% of them were
dead due to abortion, stillbirth or intrauterine fetal death [47]. The chemotherapeutic regimens
that were used to treat AML included: corticosteroids, adrenocorticotropic hormone and 6-
mercaptopurine. Hence, the recent improvement in fetal and maternal outcomes of AML in
pregnancy is due to improvements not only in supportive care, but also in specific anti-
leukemic therapies [47].

There are numerous reports of the successful management of AML in pregnancy and few
reports of vertical transmission of acute leukemia from the mother to the fetus [48-50]. The
spontaneous remission of acute leukemia after the termination of pregnancy and the following
rare forms of AML have been reported: erythroleukemia, t(8,21) AML with granulocytic
sarcoma causing spinal cord compression, and AML mimicking HELLP (hemolysis, elevated
liver enzymes and low platelet counts) syndrome [50-53].

Although acute leukemia is a rare event in pregnancy, it may be associated with life-threat‐
ening complications to both the mother and the fetus [49]. Therefore, acute leukemia diagnosed
during pregnancy should be treated promptly as delay in treatment is associated with higher
maternal mortality, but decision on the choice of treatment for acute leukemia during preg‐
nancy should be case-dependent [50,54]. If AML is diagnosed during the first trimester of
pregnancy, the immediate termination of pregnancy should be considered then standard
induction chemotherapy should be commenced [48,55-57]. Without the termination of
pregnancy, combination chemotherapy is associated with an unacceptable high incidence of
fetal abnormalities and/or fetal loss [55]. The management of AML diagnosed during the
second and third trimesters of pregnancy is often difficult because delay in administration of
chemotherapy implies significant risk to the mother, and administration of chemotherapy may
induce: fetal death, prematurity and congenital malformations [55]. There are reports that
chemotherapy can be safely given during the second and third trimesters of pregnancy and
that induction chemotherapy using cytarabine and idarubicin for AML in the second trimester
of pregnancy may be associated with fetal abnormalities including cardiac malformations
[48,57]. Close monitoring of the fetus and the mother should be considered when chemother‐
apy is administered during the second trimester of pregnancy, [58]. However, the adminis‐
tration of standard chemotherapy including idarubicin during the third trimester of pregnancy
may increase the chances of CR of AML without adversely affecting fetal outcome or increasing
the risk of leukemia in the offspring [55,59]. In selected AML patients presenting in late
pregnancy, it is possible to offer leukapheresis and blood product transfusions and to plan
early delivery [55].

As in utero exposure to chemotherapy carries a significant risk of unfavorable outcome
including low birth weight, fetal death and intrauterine fetal death, the fetus should be
regularly evaluated by sonograms and umbilical blood sampling through cordiocentesis
[54,60]. Unfortunately, AML diagnosed during pregnancy may be associated with poor
outcome including maternal death, even if chemotherapy or HSCT are offered [57].
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9. APL in pregnancy

APL is recognized to occur infrequently during pregnancy. APL is characterized by an onset
at young age and life-threatening bleeding diathesis attributed to disseminated intravascular
coagulation (DIC)-like coagulopathy [61,62]. The discovery of all trans-retinoic acid (ATRA)
has changed the course of APL treatment by reducing the onset of DIC and inducing complete
and durable remissions in more than 90% of patients [61]. The prognosis is good for APL with
modern treatment that includes ATRA which specifically targets the causative retinoid acid
receptor oncoprotein (PML-RARA) [63].

The use of daunorubicin therapy in pregnancy was first reported in 1976. The patient was in
the 23rd week of gestation and despite the use of daunorubicin, she gave birth to a normal full
term baby [64]. Thereafter, daunorubicin has been successfully used in the second and third
trimesters of pregnancy without adversely affecting the offspring of pregnancy. Additionally,
there are reports of using daunorubicin in the first trimester of pregnancy without causing
fetal adverse events [64].

ATRA alone or combined with chemotherapy has been safely and successfully used in the
treatment of APL during the second and third trimesters of pregnancy [65-67]. ATRA has been
reported to ameliorate coagulation parameters and to induce remissions of APL in pregnant
females [65-67]. However, close monitoring for fetal cardiac complications throughout
pregnancy is mandatory and long-term follow up of children born to mothers treated with
ATRA during pregnancy is warranted [65].

The management of APL in pregnant females requires special considerations [68]. Patients
diagnosed to have APL during pregnancy pose a distinct challenge requiring a team approach
involving a hematologist, an obstetrician and a neonatologist [68]. Nevertheless, the manage‐
ment of APL depends to a large extent on the trimester of pregnancy during which APL is
diagnosed [68,69].

During the first trimester of pregnancy, both ATRA and arsenic trioxide (ASO) are contrain‐
dicated as both of them are highly teratogenic [68,69]. The critical factor in determining the
line of management in women with APL in the first trimester of pregnancy is whether the
pregnancy will be electively terminated once the patient is hemodynamically stable [68]. If the
patient plans to terminate the pregnancy then conventional treatment with ATRA and
chemotherapy can be commenced. If the elective termination of the pregnancy is unacceptable
to the patient, the only available therapeutic option is the administration of chemotherapy such
as daunorubicin [68]. In patients with APL, chemotherapy alone compared to ATRA and
chemotherapy is associated with inferior response rates and progression-free survival but
higher relapse rates and risk of bleeding due to coagulopathy. If chemotherapy alone is chosen,
daunorabicin is the anthracycline of choice in pregnant females as there is greater experience
with it and there are concerns over the lipophilic nature of idarubicin that may increase its
fetal transfer and consequently fetal toxicity [68]. If the remission of APL is achieved with
chemotherapy alone, ATRA may then be added in the second and third trimesters. After
delivery, breast feeding is contraindicated during treatment with chemotherapy or ATO [68].
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During the second and third trimesters of pregnancy, ATRA can be used but arsenic deriva‐
tives are contraindicated as they are highly embryotoxic [68,69]. In women diagnosed to have
APL in the second or third trimesters of pregnancy, two main options are available: (1)
induction of remission with ATRA alone with postponement of chemotherapy administration
until after delivery, and (2) simultaneous administration of ATRA and chemotherapy as given
in patients who are not pregnant at the time of diagnosis [68]. The immediate administration
of combined ATRA and chemotherapy offers the best chance of cure but is accompanied by
an increased risk of spontaneous abortion, premature delivery, low birth weights, neonatal
neutropenia and sepsis so induction of labor between cycles of chemotherapy should be
considered [68,69]. Patients treated with ATRA alone, compared to patients treated with ATRA
and chemotherapy, have similar rates of remission, but higher rates of hyperleukocytosis and
higher rates of relapse [68]. Patients treated with ATRA alone require frequent monitoring by
real time-quantitative-polymerase chain reaction (RT-q-PCR) after induction of remission to
monitor them for relapse while awaiting delivery, but patients receiving combined therapy
with ATRA and chemotherapy require stringent fetal monitoring with particular emphasis on
cardiac function [68,69]. For deliveries before 36 weeks of gestation, antenatal corticosteroids
before preterm delivery are recommended to reduce the risk of morbidity and mortality
associated with respiratory distress syndrome [69]. Vaginal delivery is generally preferred
since it is associated with a reduced risk of bleeding [68]. After successful delivery, breast
feeding is contraindicated if chemotherapy or ATO are required [69]. Female patients with
APL should be advised against conceiving whilst exposed to ATRA or ATO for consolidation
or maintenance therapy [69].

In an English literature review on APL in pregnancy that included 35 studies, 42 females with
APL were reported between January 1972 and May 2008 [70]. Twelve cases of APL in preg‐
nancy were reported in the first trimester, 21 cases in the second trimester and 9 cases in the
third trimester. Thirty five patients (83%) achieved CR and the most commonly administered
drugs were ATRA, anthracyclines and antimetabolites [70]. Fetal outcomes with ATRA and
chemotherapy were as follows: spontaneous abortions and fetal malformations were encoun‐
tered during the first trimester, while relatively favorable outcomes were encountered in the
second and third trimesters [70]. The following conclusions were made: (1) the management
of pregnant patient with APL is a real challenge; (2) the immediate treatment of APL is critical
as APL is an oncologic emergency associated with high risks of morbidity and mortality due
to DIC; (3) the administration of chemotherapy and differentiating agents in pregnancy is
controversial because of the potential teratogenic effects; (4) the management of a pregnant
woman with APL should include discussion about pregnancy termination particularly if APL
is diagnosed during the first trimester of pregnancy; (5) if the patient and her family refuse
pregnancy termination, then appropriate chemotherapeutic regimens need to be determined;
and (6) frequent fetal monitoring and aggressive management of potential APL-related
complications are essential to allow for optimal maternal and fetal outcomes [70].

In another study that included literature review of 23 cases of APL in pregnancy, 8 patients
received chemotherapy and 3 patients received ATRA in late pregnancy [62]. There was one
spontaneous abortion and one therapeutic abortion. Eleven patients had spontaneous vaginal
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is diagnosed during the first trimester of pregnancy; (5) if the patient and her family refuse
pregnancy termination, then appropriate chemotherapeutic regimens need to be determined;
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delivery, 8 patients required cesarean section and 1 patient needed low forceps delivery while
the mode of delivery was unknown in 1 pregnancy [62]. Sixteen patients (72%) achieved CRs
of their APLs, 1 patient achieved partial remission and 2 patients showed no response while
no information was obtained on the treatment given to 2 patients. Ten mothers (43.5%) died,
while outcomes of newborn infants were as follows: 19 infants were born alive, 1 infant was
gravely ill at birth and 2 infants had intrauterine fetal death [62]. The following conclusions
were made: (1) pregnancy in APL requires special consideration to maximize the probability
of survival of both the mother and the fetus, and (2) proper management of a pregnant female
with APL usually results in a live birth with CR of the mother's leukemia despite the potentially
devastating consequences of DIC, which is present at the time of diagnosis of APL in most
patients [62].

A third study performed in Russia between 1998 and 2013 included 9 patients with APL and
6 patients were having APL during pregnancy [71]. The diagnosis of APL was made in 1 patient
in the first trimester, 3 patients in the second trimester and 2 patients in the third trimester.
Management was tailored according to the trimester of pregnancy: the termination of preg‐
nancy was performed for patients presenting in the first trimester, chemotherapy then delivery
for patients presenting in the second trimester while delivery followed by chemotherapy was
offered to patients presenting in the third trimester [71]. Out of the 6 patients of APL diagnosed
in pregnancy, 5 received AIDA (ATRA and idarubicin) regimen of treatment while one patient
received 3+7 chemotherapy in addition to ATRA. Late recurrences were encountered in 33%
of patients with APL and 44.4% of patients were alive with a median overall survival of 26
months while the median relapse-free survival was 17.5 months. The authors concluded that
APL treatment in pregnancy, which is aimed at saving lives of both mothers and infants, is
effective and results in a reasonable outcome [71].

Three patients with APL in pregnancy were reported from Italy [61]. The authors concluded
that despite the rare occurrence of APL in pregnancy, the management of these patients raises
many therapeutic and ethical dilemmas and requires careful clinical case evaluation of fetal
and maternal risk, coagulation status, parents' wishes and therapeutic options [61]. Another
study that included 3 patients with APL diagnosed during pregnancy concluded that: (1)
management of APL in during pregnancy is complex because there are a number of possible
therapeutic strategies that have varying implications for the mother and the fetus, and (2)
response to treatment is subject to stringent monitoring by RT-q-PCR for the PML-RARA
transcript [63]. Finally, 2 cases of APL in pregnancy were reported in Japan [72]. The first
patient was diagnosed in the 14th week of gestation and she presented with pancytopenia and
bleeding diathesis. She was treated with a combination of chemotherapeutic drugs that
included daunorubicin [72]. Pregnancy ended in intrauterine fetal death at week 19 of gestation
and the baby was found to be anemic with hypoplastic bone marrow [72].

A number of rather exceptional cases of APL in pregnancy have been reported [73-78]. Pregnancy
has been reported after successful treatment of secondary APL following multi-agent chemo‐
therapy and radiotherapy for lymphoma [73]. ATRA or differentiation syndrome has been
reported in a pregnant patient with APL treated with ATRA and the respiratory failure induced
by ATRA was successfully treated with non-invasive ventilation and corticosteroid therapy
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[74]. Cesarean section was performed for a pregnant woman with untreated APL having DIC
after active treatment of coagulopathy and close collaboration between hematologists and
obstetricians [75]. Fetal arrhythmias and fetal growth retardation have been reported follow‐
ing the use of ATRA in treating pregnant females having APL [76]. APL has been diagnosed
after management of placental abruption causing prolonged DIC [77]. Also, APL with t (15,17)
and variant PML-RARA fusion transcript has been reported in pregnancy [78].

10. ALL in pregnancy

ALL is relatively rare in adults [1,2]. Only 21 cases of ALL in pregnancy had been reported
prior to the year 2009 [1,2]. Subsequently, limited data on the treatment of ALL in pregnancy
impedes absolute recommendations on the management of ALL in pregnant females [1,24].

As ALL is a highly aggressive malignancy, it is essential to administer adequate and appro‐
priate chemotherapy immediately after diagnosis of ALL to control the disease [1,2]. World‐
wide, different induction regimens of chemotherapy are utilized in the treatment of ALL
[79-81]. Even in the same country, various chemotherapeutic protocols may be used such as
CALGB, CCG and DFCI in the United States of America and FRALLE, LALA and GRAALL
protocols in France [79-81]. Also, these therapeutic regimens undergo modifications or total
replacement as new data evolve or whenever results of large studies are published [79-82].
Despite the development of multiple induction regimens, still there is no best regimen for
induction therapy in ALL. However, the constituents of these chemotherapeutic regimens are
almost similar with different dosing and schedules [79-82]. Recently, the more intensified
pediatric ALL treatment regimens have been used in patients belonging to the age-group 15
to 40 years having ALL because several studies had shown that adolescents and young adults
treated with adult ALL regimens of chemotherapy have poorer outcome compared to patients
belonging to the same age-group treated with pediatric protocols [79,81,83]. Certain cancer
centers are currently treating ALL patients between 1 and 50 years of age with the same
chemotherapeutic protocols and are incorporating novel agents such as nelarabine and
rituximab in the treatment of ALL [80,81]. Thus, unlike the situation in AML, the use of
different treatment regimens in ALL makes it very difficult to adopt strong recommendations
or to establish strict guidelines for the management of ALL in pregnancy [79-83].

Studies have shown that in patients in whom induction chemotherapy is commenced before
delivery, survival is longer than in those treated after delivery [2]. The risk of congenital
malformations diminishes as pregnancy advances [1,2]. The absence of autopsy data on fetuses
delivered by terminations could result in a decrease in the incidence of congenital malforma‐
tions in the fetuses delivered [24]. High-dose methotrexate is a crucial component of most of
the ALL intensification protocols of chemotherapy but unfortunately the drug is highly
teratogenic and its administration during the first trimester of pregnancy is associated with
the development of aminopterin syndrome and a high risk of miscarriage [1,2,24].

When the diagnosis of ALL is made during the first trimester of pregnancy, the termination
of pregnancy is strongly recommended in order to commence standard induction chemother‐
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apy [1]. Chemotherapeutic regimens have included: cytarabine, cyclophosphamide, L-
asparaginase, anthracyclines, vincristine and corticosteroids [1,24]. The second trimester of
pregnancy can be roughly divided into two parts: (1) part one, before the 20th week of
gestation: management resembles that in the first trimester of pregnancy, so the termination
of pregnancy should be considered, followed by the administration of adequate or standard
ALL induction chemotherapy, and (2) part two, after the 20th week of gestation: bridging
chemotherapy or modified ALL regimens of chemotherapy without methotrexate can be given
till the third trimester of pregnancy, although possible damage to the fetus should be taken
into consideration [1,2,24]. Several chemotherapeutic regimens that exclude the use of
methotrexate have been suggested, but the experience with these modified therapies is
extremely limited, so these therapeutic regimens should be used as short bridging treatments
till the third trimester starts [1,2,24].

A brief period of treatment with prednisolone alone for 1-2 weeks may allow the patient to
enter the period of gestation beyond the 20 weeks in order to receive more intensive chemo‐
therapy thereafter. A similar approach with prednisolone alone can be recommended for
patients presenting close to 32 weeks of gestation [24]. For patients presenting in the third
trimester of pregnancy, they can be treated with the same chemotherapeutic protocols that are
used to treat their nonpregnant counterparts [2,24]. The outcome of ALL is stratified according
to a number of risk factors: (1) patients with a good prognosis can be treated with less intensive
chemotherapeutic approaches, and (2) patients with more aggressive features will require
interventions according to the pace of the underlying disease [24]. Close obstetric care and
close monitoring of the mother and the fetus are essential to ensure the best possible outcome
[2]. Elective delivery after 32 weeks of gestation should be planned but timing of delivery
should avoid periods of pancytopenia to prevent further complications [2,24].

Acute leukemia develops in 1:750,000 pregnancies and ALL accounts for 11-28% of acute
leukemia in pregnancy [84,85]. Although ALL is rare in pregnancy, it can be rapidly fatal if
left untreated. Thus, it requires immediate therapy irrespective of the gestational age [85,86].
Advances in the management of leukemia have led to improved survival and emphasized the
importance of initiation of cytotoxic chemotherapy in the antepartum period [85]. Several case
reports, case series and retrospective studies have shown successful treatment of ALL in
pregnancy using several combinations of the following cytotoxic agents: prednisolone,
cytarabine, cyclophosphamide, vincristine, daunorubicin or doxorubicin, L-asparaginase, 6-
mercaptopurine and intrathecal methotrexate [85]. However, the choice of specific chemo‐
therapeutic regimen depends on the gestational age and clinical status of the pregnant female
as well as the anticipated toxicities of the cytotoxic agents [85].

The basic principle of ALL treatment is combination chemotherapy with the sequential
administration of induction, consolidation and maintenance therapy and this holds true for
ALL in pregnancy [86]. Thus, the management of ALL during pregnancy requires high-dose
chemotherapy that can pose risks to both the mother and the fetus [84]. In order to limit fetal
exposure to chemotherapy and to provide optimal care to the mother, particular attention
should be paid to: the chemotherapeutic regimen to be administered, the doses of the cytotoxic
agents to be used and the gestational age at the time of chemotherapy administration [84].
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During the first trimester of pregnancy, chemotherapy used in the treatment of ALL is
associated with teratogenicity, stillbirths and abortions, so the termination of pregnancy
should be considered and the risks of chemotherapy administered during this part of preg‐
nancy should be discussed with the pregnant mother [84,86]. During the second and third
trimesters of pregnancy, the administration of chemotherapy has been widely practiced,
although the following adverse events have been reported: intrauterine fetal death and growth
retardation, premature delivery, low birth weight, maternal as well as fetal myelosuppression
and pre-eclampsia of pregnancy [84,86].

Some of the rather exceptional case reports include: (1) relapse of ALL in pregnant females;
(2) presentation of ALL in pregnancy with extra-medullary disease involving the central
nervous system, breast and ovaries; and (3) successful treatment of ALL during the second
and third trimesters of pregnancy with combination therapy or single agents such as cortico‐
steroids [87-97].

In a literature review that included 17 patients with ALL treated during pregnancy the
following maternal and fetal outcomes were reported: 9 mothers (53%) achieved CRs of their
ALLs while 8 patients (47%) either died (5 patients) or had relapse of their leukemia (3 patients)
[84]. Thirteen babies (76%) were alive, 4 babies (24%) were dead and 6 babies were delivered
by cesarean section. The authors also concluded that: doxorubicin was the safest anthracycline
employed in pregnant females and they highlighted the importance of long-term follow up of
children exposed to chemotherapy in utero [84].

Pregnant females can achieve CR of their leukemia but the decisions on future conception need
to be individualized because of unpredictable outcome [98]. Although the literature is
modestly positive on the prognosis of ALL in pregnancy, this may not be entirely true
particularly in aggressive forms or high-risk ALL presenting during pregnancy where
termination of pregnancy should be performed in order to allow the administration of
intensive chemotherapy that may be followed by HSCT [86].

11. CML in pregnancy

CML accounts for 15% of adult leukemias, but only 10% of cases are diagnosed during
childbearing age as the median age at the diagnosis of CML is the sixth decade of life [1,24].
CML occurs in 10% of all pregnancy-associated leukemias and the annual incidence ranges
between 1 in 75000 and 1 in 100000 pregnancies [2,24]. The diagnosis of CML during pregnancy
may be made more complicated as the physiological changes, including those in hematological
parameters which accompany pregnancy, may mask the symptoms of CML [24]. However,
the diagnostic approach of CML in pregnant females is identical to that in non-pregnant
patients [2].

Previously, there was a suggestion of an increase in the rates of miscarriage, low birth weight
and premature babies in mothers having CML, but this is no longer apparent in the more recent
years. Reassuringly, the course of CML does not appear to be adversely affected by pregnancy
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[24]. Due to the excellent clinical outcome with tyrosine kinase inhibitors (TKIs), the expecta‐
tions of a relatively normal life style inclusive of parenting children in increasing. Therapeutic
approaches to CML diagnosed during pregnancy include: leukapheresis, hydroxyurea, α-
interferon and imatinib [24]. There are numerous case reports describing the use of leukaphe‐
resis and plateletpheresis in pregnant women having CML but unfortunately, apheresis
technology is not universally available [24].

There  are  several  studies  and  literature  reviews  including  relatively  large  numbers  of
patients with CML diagnosed during pregnancy [29,99-101]. The studies and reviews that
included  the  largest  numbers  of  cases  are  described  below.  In  a  literature  review  that
included 265 pregnant ladies with CML treated with imatinib, the outcomes of pregnan‐
cies  were  known in  210  pregnancies  while  the  outcomes  of  55  other  pregnancies  were
unknown [99]. Pregnancies that ended in the delivery of normal live infants were 128 (60%),
elective  terminations  of  pregnancy  were  described  in  43  patients  (20%),  spontaneous
abortions occurred in 24 cases (11%) and fetal abnormalities were described in 15 cases (7%)
[99]. A second study reported 217 pregnancies in 215 women with CML. The number of
fetuses exposed to imatinib was 217 [29]. Out of the 217 pregnancies, 46 had therapeutic
or elective abortions and 5 out of the 46 aborted fetuses had congenital malformations. Out
of the 217 pregnant females, 171 women decided to continue pregnancy. Only 85 pregnan‐
cies  were  carried  out  till  term  after  being  exposed  to  imatinib  for  some  time  during
pregnancy.  One  out  of  85  pregnancies  ended  in  a  stillbirth  with  meningocele  and  84
pregnancies ended in delivery of live births of these: 73 were normal healthy babies, 9 were
having  congenital  malformations  and 2  had low birth  weights  [29].  Regarding  the  out‐
come  of  pregnancies,  24  pregnancies  ended  in  spontaneous  abortion,  62  had  unknown
outcomes and 109  had known outcomes.  Among the  109  pregnancies  with  known out‐
comes,  36 (33%) resulted in complications.  Regarding the 43 out of  84 babies who were
carried to term and were exposed to imatinib throughout pregnancy, 22 babies were born
without abnormalities and 2 were reported to have low birth weights [29]. A third review,
over  10  years,  included 180  pregnant  females  who had been exposed to  imatinib  [100].
However, data on outcomes were available for 120 patients (69% of cases). In this review,
50% of pregnancies ended in delivery of normal infants and 28% of pregnancies under‐
went elective terminations, 3 of them were done after identification of fetal abnormalities
of the delivered infants, 18 had abnormalities identified, 3 of them were complex malforma‐
tions [100]. The authors concluded that although most pregnancies exposed to imatinib are
likely  to  yield  successful  outcome,  there  remains  a  risk  that  imatinib  exposure  during
pregnancy may result in spontaneous abortions and serious fetal malformations [100].  A
fourth study from China reported 16 pregnancies in patients with CML [101]. Out of the
16 pregnancies, 7 ended in deliveries and 9 ended in therapeutic abortions during the first
and  second  trimesters  of  pregnancy.  Out  of  the  9  patients  with  CML  who  required
therapeutic abortions: 4 lost follow-up, 1 died 3 years after the diagnosis of her disease and
4 were  alive  at  5-72  months.  Out  of  the  4  patients  alive,  1  had HSCT,  2  were  back on
imatinib and one was given hydroxyurea [101].  Maternal outcome for the 7 pregnancies
that  ended in  deliveries:  2  lost  follow-up,  2  died  and 3  were  still  alive.  In  these  7  pa‐
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tients, fetal outcome was as follows: 2 lost follow-up, and 5 babies had normal develop‐
ment and they were reported to be alive at 4 months to 9 years of follow up [101].

11.1. Planning an elective pregnancy in CML patients

Female patients with CML who wish to become pregnant should be advised to wait until
they have achieved major molecular  response (MMR) or better  responses and sustained
these responses for at least 2 years [24,99,102]. Imatinib can be discontinued shortly before
ovulation and perhaps at the onset of menstruation. The duration of interruption of imatinib
therapy should be limited to 6 months. However, if  the RT-q-PCR analyses of BCR-ABL
transcripts do not show a rise from the baseline, the duration of interruption can be extended
further.  RT-q-PCR  monitoring  in  addition  to  complete  blood  count  (CBC)  should  be
performed every 2-3 months while imatinib therapy is on hold [24,99]. In females with CML
achieving complete hematological response (CHR) or better responses, oocytes should be
collected for future assisted conception, TKIs should be stopped at the onset of the menstrual
cycle, in vitro fertilization medications should be commenced 7 days after stopping TKIs
and TKI therapy should be resumed after oocyte collection [24,99].

The interruption of imatinib therapy in pregnant patients having CML should be consid‐
ered  seriously  and  replacement  of  imatinib  by  alternative  therapies  such  as  interferon,
hydroxyurea  or  leukapheresis  can  be  taken  into  consideration  [100,102,103].  There  are
different opinions regarding the use of interferon in pregnancy. Although it  is generally
safe during pregnancy, some believe that it should be avoided unless the potential benefits
justify the potential risks to the fetus [1,100,102]. After cessation of imatinib, treatment with
interferon-α  is  effective  to  sustain  the  complete  molecular  response  achieved  in  CML
patients with low Sokal score, while patients with high Sokal score usually fail interferon-
α therapy, relapse quickly and lose their CHR [102]. Decisions on the interruption of TKI
therapy, replacement by alternative treatments and planning of delivery should all be made
after  counseling  the  patient  and  her  family  and  after  involvement  of  obstetricians  and
neonatologists  [100,103].  There  is  no  evidence  that  a  brief  exposure  to  imatinib  therapy
during conception and pregnancy adversely affects  the  developing fetus.  Unfortunately,
after interruption of imatinib therapy, most patients lose their achieved responses particu‐
larly those with high Sokal score [99,102].

In a study which tested the interruption of imatinib therapy in pregnant females with CML
that  included 7  patients,  the  results  were  as  follows:  in  patients  who achieved optimal
responses  prior  to  interruption  of  imatinib  therapy  during  pregnancy,  maintenance  of
optimal responses was achieved after delivery and resumption of imatinib, while in patients
who had suboptimal responses before the interruption of imatinib during pregnancy, failure
to achieve optimal responses years after delivery and resumption of imatinib therapy was
encountered [105]. Therefore, the interruption of imatinib treatment should be considered
in patients who achieved optimal responses well  before planned pregnancy or interrup‐
tion of TKI therapy [24,102,105].
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in patients who achieved optimal responses well  before planned pregnancy or interrup‐
tion of TKI therapy [24,102,105].
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11.2. Imatinib in CML post-stem cell transplantation

A single report of a female patient with CML who received reduced intensity condition‐
ing (RIC) allogeneic HSCT for her CML was documented [106]. The patient was resumed
on  imatinib  on  day  100  post-HSCT  for  30  months.  Seven  months  after  withdrawal  of
imatinib and all transplant-related medications, the patient was found to be pregnant. She
had uneventful pregnancy and she delivered 2 full-term babies.  No relapse of her CML
was reported till 5 years post-HSCT [106].

11.3. Experience with second generation TKIs

The experience with dasatinib and nilotinib in pregnant females having CML is very limited
[107-110]. Three spontaneous abortions and 4 successful pregnancies in CML patients exposed
to dasatinib have been reported. In one additional patient, CML was diagnosed during
pregnancy and the patient was treated with dasatinib but unfortunately she developed serious
complications that lead to the termination of pregnancy [107-109]. A patient with CML had 2
pregnancies; no treatment was required for the first one but nilotinib was used during the
second pregnancy, which ended in a successful delivery without maternal or fetal complica‐
tions [110].

11.4. The use of leukapheresis in pregnancy with CML

Leukapheresis has been successfully utilized in the upfront management of CML patients
during the 3 trimesters of pregnancy [24,111,112]. At least 12 cases have been reported and in
few cases it was used as the sole management of CML in pregnant females. It was successfully
used for up to 15 sessions per pregnancy and no adverse outcomes were encountered in the
vast majority of cases [24,111,112]. However, one baby was delivered with myelomeningocele
and talipes equinovarus to a patient with CML who received leukapheresis in addition to
hydroxyurea during pregnancy [24].

12. CLL in pregnancy

CLL is very rare in pregnancy and only 7 cases of CLL were reported between 1996 and 2014
[1,2,24,113-116]. The following complications of CLL have been reported in pregnant females:
autoimmune phenomena, anemia requiring blood transfusions, hyperleukocytosis and
repeated infections [1,2,35,115,117]. The following therapeutic modalities have been reported
to be safe in pregnant females having CLL, at any stage of pregnancy: (1) leukapheresis for
hyperleukocytosis, (2) corticosteroids for autoimmune hemolytic anemia and autoimmune
thrombocytopenia, and (3) certain antimicrobials for the treatment of infectious complications
of CLL [1,2,35].

Chlorambucil is contraindicated during the first trimester of pregnancy because of its terato‐
genic effects and fludarabine should be avoided in pregnancy and can be used to treat CLL
after delivery [2]. During the second and third trimesters of pregnancy, the following drugs
can be safely used: rituximab, chlorambucil and cyclophosphamide [2].
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13. HCL in pregnancy

Hairy cell leukemia (HCL) is rare in young women and it is exceptional in pregnancy [1,2,39].
Only 6 cases of HCL were reported in pregnant females between 1987 and 2008 and few
additional cases have been added since the year 2008 [1.2,38,39]. All the reported cases of HCL
in pregnancy ended in uncomplicated deliveries [2]. If HCL is diagnosed during pregnancy,
management depends on whether the termination of pregnancy is considered or not. In case
the termination of pregnancy is done or treatment is postponed till after delivery, the following
therapeutic options are safe: splenectomy, interferon, cladrabine, rituximab and other new
therapeutic modalities [1,2,36-39]. If the termination of pregnancy is not undertaken, the
following options are available: (1) splenectomy and interferon have been safely reported in
all trimesters of pregnancy, and (2) cladrabine can be safely used in the second and third
trimesters [1,2,36-39]. However, due to the limited number of HCL in pregnancy reported, no
definitive conclusions should be made [1,2,36-39].

14. Other therapeutic measures during pregnancy

14.1. Corticosteroids in pregnancy

Prednisolone, methylprednisolone and hydrocortisone are extensively metabolized in the
placenta; therefore; they are preferred over dexamethasone and betamethasone [1,2]. Conti‐
costeroids are indicated for treating: (1) ALL in pregnancy, and (2) autoimmune complications
of CLL during pregnancy. In animal studies, steroids are associated with development of cleft
palate and altered neurological development resulting in complex behavioral abnormalities
[1]. Corticosteroids have the following effects on pregnant women: (1) premature rupture of
membranes, and (2) exacerbation of gestational diabetes mellitus and hypertension [1]. They
also have the following effects on newborn infants: (1) intrauterine growth retardation, (2) low
birth weight, (3) increased infant morbidity, (4) hyperactivity in the newborn infant, and (5)
risk of adrenal insufficiency and infectious complications [1].

14.2. Growth factors in pregnancy

Granulocyte-colony-stimulating factor (G-CSF, filgrastim) is the most commonly used colony
stimulating factor. It is usually used (1) in patients with neutropenia to reduce the incidence
of infectious complications, and (2) for mobilization of stem cells in donors of autologous and
allogeneic HSCT [118]. The administration of G-CSF in pregnant women who serve as donors
for HSCT is generally safe as data from 5 studies that included HSCT donors including
pregnant females did not show any evidence of increased risk of leukemogenicity [118]. Also,
data from 8 studies that included 96 pregnant females having hematological malignancies
showed delivery of 94 healthy babies, but one fetal death as the mother was exposed to
idarubicin and cytarabine during pregnancy in addition to one birth of a child with low
intelligence and malignancy [118].
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14.3. Leukapheresis in pregnancy

Leukapheresis has been used in both acute and chronic leukemia in order to rapidly reduce
high while blood counts (WBCs) in patients with an impending vascular occlusion due to
leukostasis induced by hyperleukocytosis [2]. Although the experience is limited, the proce‐
dure has been successfully used as a short-term measure to rapidly control hyperleukocytosis
at the presentation of acute and chronic leukemia [1,2,40].

14.4. Drugs and breast feeding after delivery

Chemotherapeutic agents differ in their concentrations that are found in breast milk [1,24].
Definitive neonatal toxicity during lactation has not been precisely delineated. However, it is
advisable to avoid breast feeding for at least 2 weeks after the administration of cytotoxic
chemotherapy [1,24]. Hydroxocobalamine is excreted in breast milk and should be avoided
during lactation. Interferon-α is probably excreted in breast milk and should be avoided during
lactation. TKIs such as imatinib are actively excreted in breast milk in animal studies. Although
several reports show no harm, generally TKIs should be avoided during lactation as they have
been reported to cause arrhythmias and cardiac toxicity [24].

Ciprofloxacin is excreted in breast milk and it has been reported to cause pseudomembranous
colitis, arthropathies and cartilage erosions so the drug should be used with extreme caution,
while fluconazole, itraconazole, voriconazole and posaconazole should be avoided during
lactation [24]. However, there are no published data on the use of caspofungin and liposomal
amphotericin-B in breast feeding women so they should be avoided in lactating women [24].

15. Fertility in patients with leukemia

Cytotoxic drugs, administered to premenstrual females having leukemia, may have adverse
effects on ovarian reserve even in the setting of regular menses [119]. Hemato-oncologists,
infertility specialists and patients should be aware of the potential risks of chemotherapy on
ovarian function and should consider the available options for fertility preservation [119].
Options for fertility preservation in cancer patients include: (1) ovarian suppression during
chemotherapy by hormonal therapy, (2) embryo cryopreservation, (3) oocyte cryopreserva‐
tion, (4) ovarian tissue cryopreservation or gonadal tissue banking, (5) recent developments
of in vitro fertilization for cancer patients and development of gonadotropin releasing
hormone antagonists, (6) ovarian transposition during radiotherapy, and (7) additional
considerations such as third party reproduction and adoption of children [120-122].

16. Conclusions and future directions

Leukemia is a rare event in pregnancy. Acute leukemia represents 90% of leukemias coexisting
with pregnancy with AML accounting for two thirds of acute leukemias in pregnant mothers.
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Vertical transmission of leukemic cells from the mother to her offspring is possible but very
rare. During the first trimester of pregnancy, standard chemotherapy has a teratogenicity rate
of 10-20% depending on the specific agent employed. Exposure to cytotoxic agents during the
second and third trimesters is not teratogenic but carries the following risks: fetal growth
retardation, premature delivery, fetal myelosuppression in addition to fetal and maternal
exposure to malignancy and therapy-related toxicities such as thromboembolism and sepsis.
Only absolutely necessary radiologic work-up is justified during the first trimester of preg‐
nancy. Exposure to radiation during the first 2 weeks of pregnancy is usually lethal. Thereafter,
radiation predisposes to congenital malformations, growth retardation and malignancy in the
newborn. Few studies have demonstrated the potential risk of adult cancer after intrauterine
exposure to radiation. Cytotoxic chemotherapy and radiotherapy increase genetic defects in
germ cells. Although most infants exposed to multi-agent chemotherapy seem to suffer no
long-term detrimental consequences, cytotoxic chemotherapy can cross the placenta and cause
teratogenic effects.

The management of each pregnant patient with leukemia has to be highly individualized and
should have a multidisciplinary approach. In the first trimester, the termination of pregnancy
should seriously be considered if the disease is aggressive and if intensive chemotherapy is
needed. In the second and third trimesters, standard chemotherapy can safely be administered
without resorting to pregnancy termination. The choice of specific regimens depends upon:
the gestational age, the clinical status of the patient, the specific type of leukemia and the
anticipated toxic effects of the cytotoxic agents employed. The decision is often difficult and
confounded by heightened emotions, ethical concerns and religious beliefs. Vaginal delivery
is preferable while caesarean section is reserved for certain obstetric complications. The timing
of delivery is essential. It is preferable between 32 and 36 weeks of gestation to ensure optimal
fetal maturation, and it is advisable to avoid maternal myelosuppression prior to delivery.

Leukemia diagnosed during pregnancy can be considered a poor clinical prognostic factor
owing to the less than average long-term disease free survival due to high relapse rates and
high incidence of refractoriness to chemotherapy, particularly in young patients. Countries
should have registries for mothers and children exposed to chemotherapy and radiotherapy.
Also, it is essential to have guidelines on the management of various types of leukemia during
pregnancy.
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