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Introduction

Our understanding of the biology and treatment of acute leukemias and other bone
marrow neoplasms is evolving rapidly. Advances in genomics and sequencing
technology over the last decade have made genetic analysis of these disorders
accessible to practicing clinicians, thereby aiding in more accurate diagnosis as well
as risk stratification of these disorders. The development of novel therapies for bone
marrow neoplasms is also advancing at a rapid pace with many novel highly active
agents approved recently. Given these advances, it is all the more important that
comprehensive diagnostic work up is performed up front so that the most appro-
priate therapy can be chosen. In this volume, using real-life case scenarios, the
authors, each of whom is an expert in their field, describe how modern diagnostic
testing and work up translates into accurate prognostication and aids in the choice
of therapy for bone marrow neoplasms.

Use of next generation sequencing to evaluate blood cytopenias has led to
increasing detection of clonal hematopoiesis particularly in older individuals. This
finding has various implications for patients including evolution to myeloid
malignancies like myelodysplastic syndrome (MDS) and acute myeloid leukemia
(AML). In Chap. 1, the authors describe the evaluation and classification of clonal
cytopenias, MDS and AML and discuss prognostic implication of genetic findings.
Therapy of MDS including novel agents in development is discussed in Chap. 7.

Although acute lymphoblastic leukemia (ALL) is eminently curable in over 90%
of children, adults will this disease do not have the same favorable outcome, largely
in part due to adverse genetic features of their leukemia. This is particularly true for
Philadelphia-like ALL, a poor prognostic entity that is fairly common among
adults, but difficult to diagnose. Chapter 2 discusses in detail how advances in
genomic sequencing and diagnostic technology apply to accurate prognostication of
ALL and can aid in judicious application of potentially curative therapies like
allogeneic hematopoietic cell transplantation (alloHCT). Treatment of ALL has
been transformed by development of immunotherapies that are highly active in this
disease. These include bispecific antibodies, immunoconjugates as well as chimeric
antigen receptor modified T (CAR-T) cells. These therapies allow relapsed
refractory patients a high chance of achieving a deep remission enabling them to
undergo potentially curative alloHCT. Therapy of ALL is discussed in Chap. 5 and
CAR-T cell therapy is covered in Chap. 11.
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The treatment of acute promyelocytic leukemia (APL) is a triumph of modern
oncology and has transformed a uniformly fatal disease to one that is almost always
curable nowadays if accurate diagnosis is made early. More importantly, most
patients at the present time can be cured with a regimen that avoids conventional
chemotherapy. Advances in the treatment of APL are discussed in Chap. 3. The
treatment of AML has seen dramatic change over the last 5 years or so after decades
of minimal progress. Multiple highly active novel agents like the Bcl-2 inhibitor
venetoclax have been approved in recent years thereby expanding the options
available for patients, particularly older adults who still have a poor long-term
outcome with current therapies due to comorbidities and adverse genetics. Treat-
ment of AML including data on novel therapies is covered in Chap. 4.

The development of the tyrosine kinase inhibitor imatinib for therapy of chronic
myeloid leukemia (CML) ushered a revolution in targeted therapy for hematologic
neoplasms. Since then multiple new TKIs have been developed for CML and have
resulted in excellent quality of life and normal life expectancy for most patients
affected by this leukemia. CML therapy is the subject of Chap. 6. Chronic lym-
phocytic leukemia (CLL) is the commonest leukemia in the western world and
affects older adults. Until recently treatments for CLL were chemotherapy based
and were poorly tolerated by older patients. However recent years have witnessed a
dramatic transformation in treatment of CLL with development of BTK inhibitors,
Bcl-2 inhibitors as well as anti CD20 antibodies. Most patients currently can be
spared chemotherapy and enjoy durable long-term remissions Therapy of CLL is
discussed in Chap. 8.

Our understanding of the biology myeloproliferative neoplasms MPN) has seen
major advances with identification of mutations that lead to MPN. However, the
novel therapies do not alter disease course or progression to bone marrow fibrosis
and alloHCT remains the only curative option for suitable patients. Therefore,
prognostication of the disorders is critical for preventing transformation to AML and
permits optimal timing of potentially toxic therapies like alloHCT. These issues are
discussed in Chap. 9. Systemic mastocytosis (SM) is a rare entity that can be indolent
or aggressive, the latter carrying a poor prognosis. Treatment for SM has been
unsatisfactory, particularly for cases associated with another hematologic neoplasm.
However, novel therapies for SM are being developed and offer promise for this
difficult to treat disorder. Biology and treatment of SM is discussed in Chap. 10.

In summary, therapy of leukemias and other bone marrow neoplasms has wit-
nessed a dramatic transformation in the last decade and hopefully such rapid pro-
gress will continue, thereby improving the survival and quality of life of patients.
We have attempted to summarize a large volume of recent data into a concise
volume that will be a useful guide for day-to-day patient management. We hope this
volume will be a valuable resource to students of hematologic malignancies as well
as practicing physicians alike.

Vinod Pullarkat, MD, MRCP
Guido Marcucci, MD
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1.1 Next Generation Sequencing (NGS)- Based Testing
in Hematologic Malignancies

Advances in NGS triggered by the human genome project have enabled genomic
profiling of hematopoietic malignancies in routine clinical practice. In comparison
to traditional methods like Sanger sequencing, NGS technology enables sequencing
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billions of DNA molecules in a massively parallel fashion which significantly
reduces cost. The cost of sequencing the whole genome is now approaching $1000
and is expected to decline further. Most laboratories sequence targeted genes (gene
panels) for clinical practice, but exome sequencing is becoming widely available.
All these assays can be performed from bone marrow aspirates or peripheral blood
samples collected in EDTA.

Sample preparation begins with DNA fragmentation using physical shearing or
enzymatic digestion to yield fragments of desired length (Fig. 1.1). Fragments from
regions of interest are enriched by hybridization using target baits or by using
PCR-based methods. Adapters are now added to the enriched fragments to create a
library for sequencing. Sequencing data comprising the sequence of the DNA
fragments with quality information (FASTQ files) are now aligned to the human
genome using bioinformatics software to detect DNA alterations including single
nucleotide variants (SNV) and insertions/deletions (indels) which are typically
stored in a variant call format file (VCF file). Copy number variations (CNV) can
also be identified from the sequencing data using specialized software.

Variants detected are matched against databases of normal variants in the pop-
ulation (eg. ExAC, gnomAD) as well as databases of tumor-associated variants (eg.
COSMIC). Variants are classified as pathogenic, likely pathogenic, variant of

Fig. 1.1 Sequential steps for
analysis of a peripheral blood
or bone marrow sample for
detection of clinically
significant genomic
alterations
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unknown significance, likely benign or benign based on allele frequency in the
normal population, effect on protein structure and function, in silico prediction
algorithms, and other evidence available in the literature.

RNA sequencing can be accomplished using a similar process that includes
initial conversion of mRNA to cDNA. RNA sequencing is more sensitive for
detection of structural variants such as gene fusions. RNA sequencing also
enables gene expression profiling and assessment of pathway activation. Epige-
netic alterations play an important role in the pathogenesis of myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML). The primary epigenetic
alterations include methylation of the cytosine nucleotide as well as modifications
of histone proteins. DNA methylation can be assessed by NGS, but these methods
are not routinely available in the clinical laboratory. The following sections will
describe the application of DNA sequencing using a targeted panel for patient
management.

1.2 CASE 1: 69 Year Old with Pancytopenia

An asymptomatic 69-year-old male had pancytopenia detected on a routine com-
plete blood count. A subsequent bone marrow examination showed a mildly
hypercellular marrow for age (50%) with multilineage dyspoietic changes without
increase in blasts. Conventional cytogenetic studies revealed a normal male kary-
otype. Per WHO 2016 criteria, a diagnosis of myelodysplastic syndrome requires
sustained cytopenia and at least one of the 3 following criteria—morphologic
dysplasia in > 10% of one or more hematopoietic lineages, clonal cytogenetic
abnormality excluding those that are AML defining or increased blasts (>5%). The
patient was diagnosed with myelodysplastic syndrome (MDS) with multilineage
dysplasia. Targeted sequencing studies were performed using a NGS- based panel.
The results are shown in Table 1.1. Bone marrow evaluation after 12 months of
5-azacytidine therapy showed progression of disease with increase in blasts to 15%.
He was started on combination therapy with 5-azacytidine and venetoclax and
underwent a matched unrelated donor hematopoietic stem cell transplantation.

Table 1.1 Results of
NGS-based mutation testing
from bone marrow aspirate

Gene Alteration Allele Frequency (%)

ASXL1 c.1934dup; p.G646Wfs*12 43

NRAS c.38G > T; p.G13V 14

RUNX1 c.602G > A; p.R201Q 32

STAG2 c.328C > T; p.R110* 33

TET2 c.3409 + 2_3409 + 3insT 30

TET2 c.3661 T > C; p.C1221R 33
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1.3 Discussion

This case highlights several important questions about the role of genetic profiling
in the pathogenesis, risk stratification, and management of MDS. Myelodysplastic
syndromes include a heterogeneous group of clonal disorders characterized by
dyspoietic cytomorphology, ineffective hematopoiesis, and cytopenias with even-
tual transformation into acute myeloid leukemia (AML) in the majority of patients.
With the advent of cost-effective NGS technologies, the genomic alterations in
MDS have now been extensively characterized. However, these are not yet used for
prognostication in the International prognostic scoring system (IPSS).

Table 1.2 Recurrent cytogenetic abnormalities detected in myelodysplastic syndrome

CNV (Losses) CNV (Gains) Translocations

− 7 or del(7q) + 6 t(3;3)(q21;q26)

− 5 or del(5q) + 8* inv3(q21q26)

del(9q) + 21 t(3;21)(q26;q22)

del(11q) t(1;7)(p11;p11)

del(12p) t(2;11)(p21;q23)

− 13 or del(13q) t(11;16)(q23;p13)

− 17, i(17q) t(6;9)(p23;q34)

− 20 or del(20q)* t(2;11)(p21;q23)

- 21 unbalanced translocations at 17p

-Y* unbalanced translocations at 12p

* Not used for diagnosis since these abnormalities can be seen in older age group and non-MDS
entities

Table 1.3 Major pathways and driver genes in MDS

Pathway/functions Driver genes

DNA methylation DNMT3A, TET2, IDH1, IDH2, WT1

Chromatin modification EZH2, SUZ12, ASXL1, KMT2, KDM6A, ARID2, PHF6, ATRX

RNA splicing SF3B1, SRSF2, U2AF1, ZRSR2, PRPF8

Cohesin complex STAG1, STAG2, RAD21, SMC3, SMC1A

Transcription RUNX1, ETV6, GATA2, CEBPA, BCOR, BCORL1, SETBP1,
MECOM

Cytokine receptor/tyrosine
kinase

FLT3, KIT, JAK2, MPL, CALR, CSF3R, NRAS, KRAS, CBL,
PTPN11, GNAS

Checkpoint/cell cycle TP53, CDKN2A

DNA repair ATM, BRCC3, FANCL

Others NPM1, DDX41

4 R. K. Pillai and M. Afkhami



1.4 Genomic Alterations in MDS

Cytogenetic abnormalities are seen in about 50–60% of MDS diagnostic specimens.
The major recurrent abnormalities are summarized in Table 1.2. Gain or loss of
chromosomal segments are the most common abnormalities seen [1]. Recurrent
translocations are less common and include unbalanced translocations, which may
lead to loss of gain of genetic material.

Genomic profiling has shown that the pathogenesis of MDS is related to
sequential acquisition of mutations in a group of genes involved in hematopoiesis.
Most MDS samples display about 9 somatic mutations within the coding sequence
including both driver and nondriver mutations [2]. The major pathways and genes
that are involved in the pathogenesis of MDS are shown in Table 1.3 [2, 3]. The
major functional pathways include RNA splicing, DNA methylation, transcription,
chromatin modification, signal transduction, DNA repair, and other pathways
(Table 1.3). The most common mutated genes in MDS include those involved in
DNA methylation (TET2, DNMT3A, and IDH1/2), chromatin modification (ASXL1,
EZH2, MLL2), transcriptional regulation (RUNX1, TP53), signal transduction
(NRAS, KRAS), and RNA splicing (SF3B1, SRSF2, U2AF1, U2AF2) [4–8]
(Fig. 1.1).

1.5 Clonal Hematopoiesis of Indeterminate Potential
and Pathogenesis of MDS

Many of the MDS associated mutations described above have been detected in
apparently healthy individuals and are therefore not diagnostic of MDS in isolation.
Hematopoietic stem cells (HSC) replace an estimated 1010–1012 cells daily [9].
Since HSC are reported to acquire one coding mutation for a decade of life, the
HSC population in older adults are essentially somatic genetic mosaics [10].
Mutations that confer a proliferative advantage leads to generation of a clonal
population of cells. Clonal Hematopoiesis (CH) has been defined as the expansion
of one lineage of cells at a rate disproportionate to other clones [3]. CH is common
in elderly population and is estimated to be detectable in up to 30% of subjects over
60 years [3, 11]. The most frequently mutated genes are DNMT3A, TET2, and
ASXL1.

Table 1.4 Relationship
between CH, CHIP, CCUS,
and MDS

Feature CH CHIP CCUS MDS

Clonal population + + + +

Dyspoiesis ± - - ±

Cytopenia ± - + +

Recurrent genetic
abnormalities

± - - ±
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Clonal hematopoiesis of indeterminate potential (CHIP) refers to the presence of
a clonal population with somatic mutations with at least a 2% variant allele fre-
quency involving a known driver of hematopoietic neoplasms [12]. In contrast,
clonal cytopenia of undetermined significance (CCUS) are associated with CH and
cytopenias [12, 13] but no morphologic dysplasia (Table 1.4).

Both CHIP and MDS have a strong association with increasing age and have
overlapping genes that are mutated and are likely to share similar pathogenetic
mechanisms. MDS is more advanced with significantly different clinical implica-
tions. In contrast, patients diagnosed with MDS will have dyspoiesis greater than
10% of cells in at least one of the 3 lineages in the bone marrow or will have a
clonal population with an MDS defining karyotype. The yearly rate of progression
from CHIP to leukemia is approximately 1% whereas the risk is much higher in
MDS. The vast majority of CHIP cases have a single mutation whereas MDS
typically has several [12]. CHIP is associated with much longer survival and
medical intervention is not recommended. CHIP however is associated with
increased risk of cardiovascular disease [11].

1.6 Interpretation of Results of Genomic Testing

The implications of the genomic alterations seen in this patient are discussed below
in the context of gene function and the effects on protein structure and function.
Variants are classified as pathogenic, likely pathogenic, variant of unknown sig-
nificance, likely benign or benign based on allele frequency in the normal popu-
lation, effect on protein structure and function, in silico prediction algorithms, and
other evidence available in the literature.

A frameshift alteration at codon 646 of the ASXL1 gene was detected. The p.
G646Wfs*12 frameshift mutation detected in this patient is the most commonly
recurrent alteration of ASXL1, and frameshift alterations are expected to cause
premature termination and likely loss of function of the gene. Mutations in ASXL1
are associated with an adverse prognosis [14].

A missense alteration at codon 13 of the NRAS gene was detected. The RAS
proteins regulate signal transduction upon binding of ligand to a variety of mem-
brane receptors. RAS gene mutations at codons 12, 13, and 61 confer constitutive
activation of the RAS protein. The activating mutations in the NRAS gene have
been implicated in the differentiation of progenitor cells into leukemic cells [15].

A missense alteration at codon 201 of the RUNX1 gene was detected. The
RUNX1 gene encodes the DNA binding unit of the heterodimeric CBF that is a
critical regulator of definitive hematopoiesis. The RUNX1 mutations are commonly
detected in MDS and acute myeloid leukemia (AML) and associated with poor
prognosis [16]. The p.R201Q mutation detected in this specimen has been previ-
ously reported in patients with AML.

6 R. K. Pillai and M. Afkhami



A nonsense alteration at codon 110 of the STAG2 gene was detected. The
STAG2 gene encodes a component of the cohesin complex that participates in the
regulation of sister chromatid separation during mitosis. Mutations of the STAG2
gene have been found in approximately 6% of MDS and 1–2% of AML. The p.
R110* frameshift mutation detected in this patient has been reported in patients
with AML, and frameshift alterations are expected to cause premature termination
and likely loss of function of the gene.

An insertion of T between nucleotides c.3409 + 2 and 3409 + 3 and a missense
alteration at codon 1221 of the TET2 gene were detected. TET2 mutations are
frequently found in myeloid cancers and generally result in loss of function. The
c.3409 + 2_3409 + 3insT alteration is close to the donor splice site of exon 3, and
analysis of this alteration using multiple in silico tools predicts that the splice site at
this position would be obliterated, which is likely to result in loss of function. The p.
C1221R alteration detected in this patient has been previously reported in patients
with myeloid neoplasms.

1.7 Role of Genomic Testing in Diagnosis and Prognosis
of MDS

Although detection of genetic abnormalities in MDS is useful for establishing a
clonal process, identification of MDS type mutations, even in the presence of
cytopenias, should not be used per WHO 2016 criteria, to establish a diagnosis of
MDS if there is no morphologic dysplasia. The role of these mutations in deter-
mining prognosis, either alone or in combination, is currently under intense
investigation. However, molecular alterations are not used in current prognostic
scoring systems such as the International Prognostic Scoring System (IPSS).

MDS with isolated del(5q), as defined in the 2008 WHO classification, is
associated with a particular disease phenotype, response to a specific therapy, and
favorable prognosis. Mutations in SF3B1, a splicing factor, have been shown to
have a strong association with the presence of ring sideroblasts. A complex kary-
otype, defined as three or more independent cytogenetic abnormalities, is more
frequently seen in patients with therapy-related MDS.

The prognostic value of mutations should be interpreted in the context of
cytopenias, morphology, proportion of blasts, cytogenetic abnormalities, and
co-occurring mutations. Patients with mutations in DNMT3A, a methyltransferase,
were reported to have worse OS and more rapid evolution to AML [17]. However,
mutated SF3B1 co-occurring with DNMT3A mutations may mitigate the negative
effect of DNMT3A mutations on survival [18]. Mutations involving IDH1, which
lead to DNA hypermethylation, were associated with a shorter OS and increased
transformation to AML [19]. In a recent analysis of data from 3200 MDS patients,
mutations of IDH2 were associated with shorter OS (hazard ratio 1.61, 95% con-
fidence interval [CI] 1.26–2.05; p = 0.0001) whereas IDH1 mutations were not
significantly associated with OS (HR 1.29, CI: 0.97–1.72; p = 0.082).
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The significance of TET2 mutations is not fully established. Although some
studies have shown a favorable prognosis [20], a larger study did not identify OS
benefit with mono-allelic or bi-allelic TET2 mutations [21]. Driver genes involved
in histone modification such as ASXL1 and EZH2 have been shown to be signif-
icant predictors of poor OS [21]. SF3B1 and SRSF2 are part of the spliceosome and
play an important role in RNA splicing. SF3B1 mutations are present in over 20%
of MDS patients and are enriched in myelodysplastic syndrome with ring sider-
oblasts. Patients with SF3B1 mutations have a significantly better OS and a reduced
incidence of disease progression than patients lacking them [4].

TP53 mutation is associated with a dismal prognosis in all types of MDS, even in
the context of allogeneic stem cell transplantation (SCT). TP53 mutation has been
shown to be more predictive of OS than IPSS score [22]. In a study of patients who
underwent stem cell transplantation for MDS, mutations in TP53 (HR, 4.22; P
0.001) and TET2 (HR, 1.68; P = 0.037) were each independently associated with
shorter OS [23].

1.8 Case 2: 52-Year-Old Male with Pancytopenia

A 52-year-old male with no significant past medical history presented with chest
pain, fatigue, and shortness of breath. Routine blood count detected pancytopenia.
A bone marrow biopsy demonstrated a hypercellular marrow with 90% cellularity,
dysplastic myelopoiesis and megakaryopoiesis, and increased blasts (25%). Reti-
culin fibrosis was increased (MF grade 3/3). Blasts were positive for CD34, CD13,
CD38, CD117, and CD7. Classical cytogenetic studies revealed a normal male
karyotype. Targeted sequencing studies were performed using a NGS-based panel.
The results are shown in Table 1.5.

This case would be classified as AML with myelodysplasia-related changes under
WHO classification. The patient underwent induction with CPX351 (liposomal
daunorubicin + cytarabine) but was refractory to therapy. After reinduction therapy
with mitoxantrone, etoposide, and cytarabine, a subsequent bone marrow biopsy

Table 1.5 Results of NGS-based testing from bone marrow

Gene Genomic alterations detected Allele frequency (%)

FLT3 (c.2503G > T; p.D835Y) 92%

CCND3 (c.820_826delinsTA; p.S274*) 40%

DNMT3A (c.2206C > A; p.R736S) 45%

NPM1 (c.860_863dupTCTG; p.W288Cfs*12) N/A

SF3B1 (c.1988C > T; p.T663I) 44%

SSBP2-CHD1 Fusion N/A

WT1 (c.728C > A; p.S243*) 51%

WT1 (c.707dup; p.A237Gfs*11) 39%

8 R. K. Pillai and M. Afkhami



showed hypocellular marrow with 5% residual blasts and dyspoietic changes con-
sistent with residual disease. The patient subsequently developed progressive dis-
ease with increasing circulating blasts and was started on decitabine and venetoclax.

1.9 Discussion

This case highlights the clinical application of genomic characterization for prog-
nostication of AML. The molecular alterations in AML have been extensively
characterized in multiple studies and will be described first. The interpretation of
molecular results, classification of prognostic risk groups based on these alterations
and methods for minimal/measurable residual disease (MRD) detection will be
discussed briefly.

1.9.1 Genetic Alterations in AML

Next generation sequencing studies have expanded our knowledge of the molecular
alterations in AML [24–26]. The major functional categories of genes involved in
the pathogenesis of AML overlap significantly with the driver genes in MDS
(Table 1.3). Grimwade et al. [25] segregated AML into a number of biologically
and prognostically distinct subgroups based on patterns of mutual exclusivity
between cytogenetic and molecular features (Fig. 1.2). Approximately one-third of
AML cases are characterized by the presence of balanced chromosomal rear-
rangements which are mutually exclusive of mutations in NPM1 and bi-allelic
CEBPA. Cases with NPM1 or bi-allelic CEBPA mutations are now separate cat-
egories in the WHO classification and account for another third of cases. Complex
karyotype/monosomal karyotype/TP53 mutations defines a group with poor prog-
nosis (10% of all cases). TP53 mutations are seen in 45% and complex karyotype in
75% in this group. The remaining cases include those with chromatin/spliceosome
mutations, IDH2 mutations, and few cases with no recognized driver mutations.
Mutations seen in the various AML subgroups are shown in Fig. 1.3.

1.9.2 ELN Classification Integrating Cytogenetics
and Mutation Analysis

The European leukemia network (ELN) genetic risk stratification uses a 3 group
classification that incorporates cytogenetic and molecular findings (table 1.6) [27].
Patients with NPM1 mutation and bi-allelic CEBPA mutations are associated with a
favorable prognosis in the absence of a high allelic ratio FLT3-ITD mutations
(FLT3-ITD high is defined as cases that have a > 0.5% ratio of mutant to normal
signals), even in the presence of coexisting chromosomal abnormalities [28, 29],
However, patients with wild-type NPM1 and FLT3-ITD high are associated with a

1 Advances in Diagnosis and Risk Stratification … 9



poor prognosis whereas the combination of mutated NPM1 and FLT3-ITD high

confers an intermediate prognosis. Other changes in the 2017 ELN classification
include addition of mutations in RUNX1, ASXL1, and TP53 in the adverse
prognosis group, but not IDH1/2. Monosomal karyotype is defined by the presence
of one single monosomy (excluding the sex chromosomes) in association with at
least one additional monosomy or structural chromosomal abnormality but excludes
core-binding factor AML. A complex karyotype, defined as 3 or more unrelated
chromosomal abnormalities in the absence of any of the WHO-designated chro-
mosomal rearrangements, is also associated with an adverse prognosis.

1.9.3 Interpretation of NGS Mutation Panel Results

The implications of the genomic alterations seen in this patient are discussed below
in the context of gene function and the effects on protein structure and function.

A stop-gain alteration at codon 274 of the CCND3 gene was detected. The
CCND3 gene encodes cyclin D3, which is a critical regulator of cell cycle pro-
gression. Mutations of CCND3 have been found in a variety of hematologic

Fig. 1.2 Frequency distribution of the common mutations detected in myelodysplastic
syndrome by next generation sequencing. TET2, SF3B1, and ASXL1 are the genes most
commonly mutated.The different pathways affected are indicated in different colors. Blue—DNA
methylation; Brown—RNA splicing; orange-chromatin modification; sky-blue-signal transduc-
tion; Red-others
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malignancies, including acute myeloid leukemia (AML) [30], but the p.S274*
mutation detected in this specimen has never been reported, to our knowledge.
However, stop-gain mutations lead to premature truncation and loss of function of
the protein.

A missense alteration at codon 736 of the DNMT3A gene was detected. The
DNMT3A gene encodes a de novo DNA methyltransferase essential for estab-
lishing methylation. Somatic mutations in DNMT3A are found in * 30% of
normal karyotype AML cases. To our knowledge, the p.R736S mutation detected in
this specimen has not been previously reported. However, different changes at the
same codon have been frequently reported in hematologic malignancies. Therefore,
the p.R736S mutation is expected to be likely pathogenic.

FLT3: A missense alteration at codon 835 of the FLT3 gene was detected.
Activating mutations in FLT3 occur commonly in AML, including internal tandem
duplication (ITD) and point mutations in the tyrosine kinase domain (TKD), typ-
ically at the activation loop residue D835. TKD alterations may be associated with
resistance to the FLT3 TKIs (tyrosine kinase inhibitors).

NPM1: A 4-bp insertion of the NPM1 gene was detected. The NPM1 gene
encodes nucleophosmin which is involved in ribosomal protein assembly and
transport. NPM1 mutations represent frequent genetic alterations in patients with

Fig. 1.3 Molecular classes of AML and concurrent gene mutations in adult patients up to the age
of � 65 years. The common co-occurring mutations associated with each category are shown in
the respective boxes. Data on the frequency of genetic lesions are compiled from the databases of
the British Medical Research Council (MRC), the German-Austrian AML Study Group
(AMLSG), and from selected studies. (Adapted from Grimwade et al. [25])
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AML associated with a favorable prognosis [31]. Mutations in the NPM1 gene have
been described in approximately 50–60% of AML patients with normal karyotype.
The 4-bp insertion in exon 12 of the gene NPM1 is found in 20–30% of AML
cases.

SF3B1: A missense alteration at codon 663 of the SF3B1 gene was detected. The
SF3B1 gene encodes subunit 1 of the splicing factor 3b, which is important for
anchoring the spliceosome to precursor mRNA. SF3B1 mutations are generally
associated with favorable outcomes[32]. The p.T663I mutation detected in this
specimen has been previously reported in both myeloid and lymphoid malignancies.

Table 1.6 Prognostic risk categorization based on cytogenetic and molecular abnormalities

Risk
category*

Genetic abnormality

Favorable t(8;21)(q22;q22.1); RUNX1-RUNX1T1

inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11

Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow

Bi-allelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITDhigh†

Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow† (without
adverse-risk genetic lesions)

t(9;11)(p21.3;q23.3); MLLT3-KMT2A‡

Cytogenetic abnormalities not classified as favorable or adverse

Adverse t(6;9)(p23;q34.1); DEK-NUP214

t(v;11q23.3); KMT2A rearranged

t(9;22)(q34.1;q11.2); BCR-ABL1

inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1)

− 5 or del(5q); − 7; − 17/abn(17p)

Complex karyotype,§ monosomal karyotype||

Wild-type NPM1 and FLT3-ITDhigh†

Mutated RUNX1¶

Mutated ASXL1¶

Mutated TP53#

†Low, low allelic ratio (< 0.5); high, high allelic ratio (> 0.5) by semiquantitative assessment of
FLT3-ITD allelic ratio
‡The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene
mutations.
§Three or more unrelated chromosome abnormalities in the absence of 1 of the WHO-designated
recurring translocations or inversions, that is, t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23.3),
t(6;9), inv(3) or t(3;3); AML with BCR-ABL1.
||Defined by the presence of 1 single monosomy (excluding loss of X or Y) in association with at
least 1 additional monosomy or structural chromosome abnormality (excluding core-binding factor
AML).
¶These markers should not be used as an adverse prognostic marker if they co-occur with
favorable-risk AML subtypes.
# TP53 mutations are significantly associated with AML with complex and monosomal
karyotype Adapted from Dohner H et al. Blood 2017; 129: 424–47.
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SSBP2-CHD1: A rearrangement involving the CHD1 gene on chr 5q15 and
SSBP2 gene was detected in this specimen. The CHD1 gene encodes a
chromatin-remodeling enzyme that belongs to the chromodomain family of proteins
that play an important role in transcriptional regulation and developmental pro-
cesses. It has been reported that CHD1 is involved in the assembly, shifting, and
removal of nucleosomes from the DNA double helix to keep them in an open and
transcriptionally active state. Recent reports have shown that CHD1 plays a
tumor-suppressor role in prostate cancer and transcriptome sequencing identified
CHD1 as a novel partner gene of RUNX1 in acute myeloid leukemia [33]. The
SSBP2 gene at 5q14 is suggested to be involved in the DNA damage response and
maintenance of genome stability. SSBP2 has recently been identified as a new
JAK2 fusion partner in a patient with pre-B cell acute lymphoblastic leukemia [34].
The SSBP2-CHD1 fusion detected is a rare alteration which has been reported once
in the literature in an acute undifferentiated leukemia and once in a Ph-like ALL.
The clinical significance of this fusion in AML has not been established.

WT1: Two alterations including a nonsense alteration at codon 243 and a fra-
meshift mutation at codon 237 of the WT1 gene were detected. The WT1 gene
encodes a zinc finger transcription factor and is involved in tumor-suppressor and
oncogenic functions. WT1 mutations are found in 15% of AML cases and are
associated with a poor response to chemotherapy [35]. To our knowledge, the p.
S243* and p.A237Gfs*11 alterations detected in this specimen have never been
reported. However, frameshift and nonsense mutations could lead to premature
truncation of the protein and are expected to have a significant deleterious effect.

This case illustrates the difficulty in accurately determining prognosis using
current risk stratification criteria. Although the overall mutation pattern fits with the
NPM1 mutant group and in the absence of a FLT3-ITD mutation indicates a
favorable prognosis, the contribution of the additional mutations like FLT3-TKD,
SF3B1 and WT1 to prognosis remains unclear at this time.

1.9.4 Evaluation of Minimal/Measurable Residual Disease
(MRD) in Management of AML

The 2017 ELN recommendations include molecular relapse as a new response cri-
terion (complete remission with/without MRD) [27]. Measurable/minimal residual
disease denotes the presence of leukemic blasts down to the level of 1:104 to 1:106

white blood cells [36]. MRD quantification provides an objective measure of disease
status which can be used to monitor deep remission, predict outcomes, evaluate
therapies and identify impending relapse. Multiparameter flow cytometry
(MFC) and real-time quantitative polymerase chain reaction (qPCR) are established
techniques for MRD evaluation. Next generation sequencing (NGS) based methods
and droplet digital PCR are newer technologies currently in evaluation. European
leukemia network MRD recommendations for MFC recommends a comprehensive
flow cytometry panel with a combination approach for assessing residual disease—
using leukemia-associated immunophenotype (LAIP) as well as different from
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normal (DfN) strategies [36]. The advantages of the DfN approach, which is based
on the identification of aberrant differentiation/maturation profiles at follow-up,
include applicability in cases where the diagnostic immunophenotype is not avail-
able and cases with immunophenotypic shifts.

There are multiple approaches for molecular MRD assessment. Classical
real-time qPCR for recurrent translocations and selected mutations such as NPM1
has high sensitivity (10–4 to 10–6) and specificity and is currently considered the gold
standard, but is limited to approximately 40% of AML patients. Many other common
mutations such as DMMT3A, ASXL1, and TET2 genes may represent clonal
hematopoiesis [12], especially in the older population, and should not be used in
isolation. In addition, mutations in FLT3-ITD, FLT3-TKD, NRAS, KRAS, IDH1,
IDH2, and MLL-PTD are frequently lost or gained in relapse. However, these
markers are informative in combination with a second or multiple MRD markers.

Next generation sequencing-based methods have limited sensitivity of approx-
imately 1%. Methods using error-corrected NGS are being tested to increase sen-
sitivity. Droplet digital PCR can be used to detect mutations at levels of 0.1% or
lower, but each mutation requires a specific assay to be developed. In the allogenic
stem cell transplantation setting, assessment of donor/recipient chimerism in blood
or bone marrow using fragment analysis of short tandem repeats is widely used.
However, this method lacks sensitivity and is not recommended for MRD detection
or monitoring. Monitoring of germline variants in leukemia-associated genes like
RUNX1 from the diagnostic sample could also be useful as markers of
donor/recipient chimerism in the sample.

1.9.5 Future Perspectives

Large-scale sequencing projects over the last 10 years such as The Cancer genome
Atlas (TCGA) project have revolutionized our understanding of the molecular
genetics of AML. Although the average AML genome has approximately 15
coding mutations, there are over 200 genes with recurrent mutations. It is now
feasible in a clinical setting to characterize the relevant coding genes together with
the cytogenetic alterations including translocations and copy number alterations.
Multiple studies are ongoing to understand how the various combinations of
genomic alterations affect response to therapy and prognosis. The 2017 ELN
classification incorporates a few molecular alterations in a prognostic risk classi-
fication for clinical implementation. Further revisions are expected as our knowl-
edge expands. Big data initiatives like the HARMONY platform and Beat AML
will be critical to reach the statistical power needed for multifactorial analysis.

Combination therapies targeting multiple pathways such as the combination of
hypomethylating agents with Bcl-2 inhibitors have shown great promise in the
clinic [37, 38] and are active across various genetic subtypes of AML and MDS.
Techniques such as single cell sequencing and gene expression profiling will offer
insight into the signaling pathways and enable multi-pathway targeting in the future
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whereby additional targeted agents directed at driver mutations in genes like
IDH1/2 and FLT3 can be added to treatment regimens to further improve outcomes.
Understanding the role of the tumor microenvironment and the biology of leukemic
stem cells are rapidly evolving. Genetic mutations may determine the susceptibility
of particular subtypes of myeloid malignancies to various immunotherapeutic
approaches as well.
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2.1 Introduction

B- and T-cell lymphoblastic leukemia/lymphoma (commonly termed acute lym-
phoblastic leukemia [B-ALL/T-ALL]) are clonal neoplasms of lymphoid progeni-
tors. Lymphoblastic leukemia/lymphoma is the most common childhood
malignancy, which also occurs in adults with a lower incidence rate. These neo-
plasms are characterized by arrest of maturation and rapid proliferation of the early
precursor hematopoietic cells called blasts which accumulate in bone marrow,
peripheral blood, and other tissues. It is denoted lymphoblastic lymphoma
(LBL) when it primarily involves an extramedullary site with minimal or no blood
or bone marrow involvement. Acute lymphoblastic leukemia has been reported to
have higher incidence in Hispanics [1–3].

Involvement of lymph nodes or extranodal sites such as liver, spleen, or central
nervous system (CNS) is frequent in B-lymphoblastic lymphoma (B-LBL), whereas
it is the most common presentation for T-lymphoblastic lymphoma (T-LBL). B-
and T-ALL/LBL harbor a wide variety of distinct genetic alterations, including
recurrent chromosomal changes, fusions, mutations, expression, and copy number
variations affecting multiple signaling pathways. These genomic alterations are
used for diagnosis, prognosis, and therapy selection.

A breakthrough in the understanding of ALL genetics was the discovery of t(9;22)
(q34;q11.2) (Philadelphia chromosome) resulting in BCR-ABL1 fusion, in a discrete
subset of B-ALL cases. This subtype of ALL has distinct prognosis and treatment
includes targeted therapy with tyrosine kinase inhibitors. Based on genetic findings,
two main categories for B-ALL/LBL have been introduced in the current WHO
classification: B-ALL/LBLwith recurrent genetic abnormalities and B-ALL/LBL not
otherwise specified. Many of the genetic abnormalities involved can be detected by
conventional cytogenetics, but some are difficult to detect by regular cytogenetic
analysis and might need other techniques such as next-generation sequencing (NGS).
In this chapter we will briefly review all the genomic subtypes of B- and T-ALL/LBL,
then will discuss morphology, immunophenotype, genomics, and molecular tech-
niques used to approach diagnosis, prognosis, and treatment in the context of three
illustrative cases.
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2.2 B-lymphoblastic Leukemia/Lymphoma

2.2.1 Epidemiology and Risk Factors

B-Acute lymphoblastic leukemia/lymphoblastic lymphoma (B-ALL/LBL) is the
most common childhood hematologic malignancy constituting about 25% of all
cancers diagnosed in children aged 0–14 years old and 80% of all childhood leu-
kemia cases. This is also common in adolescents and young adults with less
favorable prognosis. In adults, ALL is also considered a rare disease and accounts
for 20% of all adult leukemia cases [2, 5].

The risk of developing ALL is highest in children younger than 5 years of age.
The risk then declines slowly until the mid-20 s and begins to rise again after age
50 [1, 4]. The prognosis for childhood B-ALL has improved remarkably over the
last 4 decades due to optimization of chemotherapy regimens and better under-
standing of the genetics of this disease, resulting in long-term disease-free survival
in >90% of patients. By contrast, long-term disease-free survival in adults is
achieved in around 40% of cases and the 5-year survival rate for people age 20 and
older is 35% and for age under 20 is about 90% [6, 7]. This difference might be due
to both disease-related factors such as higher frequency of unfavorable genomic
abnormalities in adults, as well as patient-related factors, such as decreased toler-
ance to chemotherapy due to other comorbidities in older adults.

Some genetic and environmental factors that predispose to ALL have been
reported. These include certain risk factors such as age, race/ethnicity (more
common in Whites than African Americans), gender (slight male predominance)
radiation exposure, chemical exposure including benzene or chemotherapy, specific
viruses, certain genetic syndromes such as Down, Klinefelter, Bloom, and
Li-Fraumeni syndromes, Fanconi anemia, ataxia-telangiectasia, and neurofibro-
matosis [8–12]. Higher incidence of Ph-like subset has been reported in Hispanics
related to inherited GATA3 variant [2, 8].

Acute leukemia can be de novo or therapy-related. Therapy-related ALL
resulting from exposure to cytotoxic chemotherapy/radiation accounts for 10–15%
of all therapy-related leukemia [13].

2.2.2 Genomic Classification of B-Lymphoblastic Leukemia

B-lymphoblastic leukemia/lymphoma is a heterogeneous disease with a wide
variety of chromosomal abnormalities and genetic alterations. Approximately 75%
of cases will have recurrent chromosomal changes detected by conventional
cytogenetics including hyperdiploidy, hypodiploidy, translocations, and chromo-
somal deletion or amplifications [14].

The 2016 World Health Organization (WHO) classification of tumors of the
hematopoietic and lymphoid tissues currently classifies the precursor B-lymphoid
neoplasms to B-lymphoblastic leukemia/lymphoma with recurrent genetic
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abnormalities and B-lymphoblastic leukemia/lymphoma not otherwise specified
(NOS) [1, 15–21]. The specific recurrent genetic abnormalities are listed in
Table 2.1.

2.3 B-ALL with Recurrent Genetic Abnormalities

2.3.1 B-ALL with BCR/ABL1

One of the more frequent cytogenetic alterations in adult B-cell acute lymphoblastic
leukemia is BCR-ABL1 fusion resulting from t(9;22)(q34;q11.2) translocation, also
known as the Philadelphia (Ph) chromosome. This genetic abnormality occurs in
about 25% of adult cases and about 5% of childhood B-ALL cases. Rearrangement
involving the major breakpoint in the BCR gene results in a 210-kD protein, which
is detected in half of the adult cases and less commonly in pediatric ALL [1]. The
minor breakpoint encodes a 190-kDa protein is more prevalent in both adult and
pediatric cases occurring in 50 and 90% of cases, respectively. The translocation
results in a constitutively active ABL1 kinase. Multiple downstream signaling
pathways are activated due to this oncogenic fusion. including RAS/MEK/ERK
(activation of transcription factors, including NF-kB), PI-3 kinase/AKT (cell
growth, cell survival, and inhibition of apoptosis), and JAK-STAT (cell growth and
survival) pathways [16–18]. This subtype has been reported to have the more
immature cell of origin compared to other B-ALL [19].

2.3.2 B-ALL with KMT2A (MLL) Rearrangement

Rearrangement of KMT2A gene on chromosome11 t(v;11q23.3) with a variety of
fusion partners is a recurrent cytogenetic abnormality that is most common in
infants with B-ALL in whom it carries a particularly poor prognosis. KMT2A

Table 2.1 WHO 2016
classification of B-ALL

B-lymphoblastic leukemia/lymphoma with recurrent genetic
abnormalities
• Hypodiploidy
• Hyperdiploidy
• BCR-ABL1, t(9;22)(q34;q11.2)
• KMT2A (MLL) rearranged, t(v;11q23)
• ETV6-RUNX1, t(12;21)(p13;q22)
• TCF3-PBX1, t(1;19)(q23;p13.3)
• IL3-IGH, t(5;14)(q31;q32)
• iAMP21, intrachromosomal amplification of chromosome 21
• BCR-ABL1-like or Ph-like, translocations involving tyrosine
kinases (TKs) or cytokine receptors

B-lymphoblastic leukemia/lymphoma, not otherwise specified
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rearrangement constitutes about 10% of adult B-ALL and is associated with
exposure to topoisomerase II inhibitors, in which case it is associated with a short
latency period. This rearrangement is most commonly detected by conventional
cytogenetics or by fluorescence in situ hybridization using a KMT2A break apart
probe. Most commonly occurring as t(4;11) resulting in KMT2A-AFF1 (MLL-AF4)
fusion, these blasts usually have a pro-B immunophenotype, with expression of
CD19 and CD15 and lack of expression of CD10 and CD24. In general, KMT2A
rearrangement carries a poor prognosis and outcome is particularly poor in infantile
B-ALL [20–22].

2.3.3 ETV6/RUNX1 t(12;21)

The translocation t(12;21)(p13.2;q22.1) leading to ETV6-RUNX1 (TEL/AML1)
fusion is present in about 25% of childhood ALL where it is associated with an
excellent prognosis. This abnormality however is present in only less than 5% of
adult ALL. This is a cryptic translocation not detectable by conventional cytoge-
netics and requires FISH study for its diagnosis [23, 24].

2.3.4 TCF3/PBX1 t(1;19)

This subset of B-ALL harbors a fusion between TCF3 (also known as E2A) gene
on chromosome 19 and PBX1 gene on chromosome 1. It comprises about 6% of
childhood B-ALL and is less common in adults. This subtype does not appear to
have prognostic relevance. Blasts typically express CD9 and lack CD34 expression
on immunophenotyping [25, 26].

2.3.5 Hyperdiploidy

Leukemic blasts in this subtype carry more than 50 chromosomes (usually <66). It
is seen in about 25% of children but is not common in adults [20, 21]. Extra copies
of chromosomes 4,14,21, and X are the most common and structural abnormalities
are uncommon. These cases have an immunophenotype typical of B-ALL. In cases
of hyperdiploid ALL, one would expect that most of the genes involved are located
on chromosomes with extra copies, e.g., chromosomes 4, 6, 10, 14, 17, 18, 21, and
X. However, overexpression of SH3BP5 (located on 3p24) and CREBBP (located
on 16p13.3) genes has been reported. The prognosis of hyperdiploid B-ALL is very
favorable with a cure rate in >90% of children [27–29].

2 Genetics and Diagnostic Approach … 21



2.3.6 Hypodiploidy

Hypodiploid B-ALL blasts by definition contain less than 46 chromosomes. This
subtype occurs in about 5% of B-ALL in both children and adults.
Hypodiploid ALL has been further divided into subtypes based on the chromosome
number. The low-hypodiploid subtype (defined as 33–39 chromosomes) carries
TP53 mutations in more than 90% of cases, and the majority also show monosomy
17 by cytogenetic studies. In addition, in about 50% of cases they harbor lymphoid
transcription factor IKZF2 deletions, or mutations in CDKN2A, CDKN2B, and RB1.
The near-haploid ALL with 23–29 chromosomes often have RAS mutations, IKZF3
deletions, or receptor tyrosine kinase alterations. The other subtypes are high
hypodiploid ALL with 40–43 chromosomes and near-diploid ALLs with 44–45
chromosomes, with the latter having a better prognosis than other subtypes.
Hypodiploidy can be missed by conventional cytogenetics in some cases if the
low-hypodiploid or near-haploid clone has undergone endoduplication resulting in
increased chromosome number and should be suspected in cases of chromosome
number discrepancy between FISH and cytogenetic studies [29–31].

2.3.7 IL3/IGH, t(5;14)

The t(5;14)(q31.1;q32.1), which juxtaposes the interleukin-3 (IL3) gene on chro-
mosome 5 with the immunoglobulin heavy-chain (IGH) gene on chromosome 14
has similar immunophenotype as other B-ALL. This subtype usually has circulating
eosinophilia which is not part of the malignant clone. This peripheral eosinophilia
can cause symptoms related to release of toxic granules such as cardiac disease
[1, 32].

2.3.8 Intrachromosomal Amplification of Chromosome 21
(iAMP21)

More common in children, this is a rare subtype detected by FISH with probe for
RUNX1 or on NGS analysis, which shows the amplification of a portion of chro-
mosome 21. Interestingly the RUNX1 gene itself does not appear to be involved in
leukemogenesis and other amplified genes are probably the contributing factor. It is
considered an adverse prognostic factor in children [1, 33, 34].

2.3.9 Ph-Like ALL

The use of genomic technologies has led to the discovery of a new subgroup of
B-ALL in 2009; lacking BCR-ABL1 rearrangement (t9;22), but harboring a
kinase-activated gene expression profile similar to Ph-positive ALL. This entity is
called Philadelphia chromosome-like (Ph-like) or BCR-ABL1 like ALL and is
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associated with an unfavorable outcome. This Ph-like subgroup is extremely
heterogeneous with regard to genomic alterations and is difficult to diagnose
without complex molecular testing [35, 36]. Ph-like ALL is currently included
under the category of ALL with recurrent genetic abnormalities. It is characterized
by a distinct gene expression profile, chromosomal rearrangements, and both copy
number alterations (CNAs) and sequence alterations that affect lymphoid devel-
opment, tumor suppressor, cytokine receptor, kinase, and other signaling pathways.
This subtype has constitutive activation of signal transduction pathways, often due
to tyrosine kinase fusions other than BCR-ABL1. Ph-like ALL comprises 20–25%
of B-ALL in adolescents and young adults and is associated with worse relapse and
survival rates, however, the frequency and biology of this in older populations
(>65) is not clearly known [37–40]. GATA3 germline alterations may explain the
increased incidence of Ph-like ALL in Hispanics and native Americans relative to
Europeans and may underlie their poorer outcomes [2, 3, 8, 41]. Age-related dif-
ferences may be due to disease-related factors such as a higher frequency of
unfavorable genomic abnormalities in adults, and patient-related factors including
decreased tolerance to chemotherapy for other medical conditions; however, this
needs to be better defined with more precise risk criteria.

There are two main subgroups of Ph-like B-lymphoblastic leukemia. The first
group is marked by overexpression of cytokine receptor-like factor 2 (CRLF2), which
is seen in around 50% of cases of Ph-like B-ALL [35–43]. Often this overexpression
is driven by fusions involving the CRLF2 gene, including P2RY8-CRLF2 and
IGH-CRLF2 fusions [44–53]. About half of these CRLF2-rearranged cases also carry
JAK mutations, with JAK2 R683G mutation being the most common. This mutation
results in JAK-STAT pathway activation and could be amenable to therapies
involving JAK inhibition. The second major subgroup of Ph-like cases has fusions
that involve other tyrosine kinases, including JAK2, ABL1, ABL2, CSF1R, and
PDGFRB or rearrangements causing truncation and activation of EPOR. Fusions
affecting kinases such as ABL1, ABL2, CSF1R, and PDGFRB could potentially be
targeted with ABL-type tyrosine kinase inhibitors, whereas those affecting the
JAK-STAT pathway (including EPOR) could respond to JAK inhibitors [54–60].

2.4 B-ALL Not-Otherwise Specified

This subtype has the classic morphologic and immunophenotypic characteristics of
other B-ALL. However, they do not have the genetic abnormalities with known
prognostic impact. These abnormalities including PAX5, RAS, TP53, PTPN11, and
IKZF1 mutations which can be seen in all subtypes of ALL. PTPN11 gene encodes
the protein tyrosine phosphatase SHP-2, which is involved in the regulation of the
RAS/MAPK pathway. Some abnormalities such as del(6q), del(9p), and del(12p)
are not specific for ALL and some such as TCF3/HLF rearrangements are specific,
but very rare and hence not included under ALL with recurrent genetic abnor-
malities [61–63].
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2.4.1 TCF3 (E2A)/HLF, t(17;19)

These lymphoid blasts harbor a translocation between TCF3 (also known as E2A)
gene on chromosome 19 and HLF (hepatic leukemia factor) on chromosome 17.
B-ALL with translocation t(17;19)(q22;p13) has been reported to be associated
with hypercalcemia, disseminated intravascular coagulation, and a normal kary-
otype. Although very rare the t(17;19)(q22;p13) can be detected by FISH analysis.
The fusion E2A-HLF transcript was amplified by RT-PCR and sequenced and
revealed a type I rearrangement with a long insertion (146 nucleotides) between
E2A exon 13 and HLF exon 4. E2A/HLF fusion was described in an ALL patient
with disseminated intravascular coagulation and a normal karyotype [25, 64].

2.4.2 IKZF1 Alterations

Rearrangements of the IKZF1 gene have been observed in both lymphoid and
myeloid malignancies. Sequence mutations and deletions of the IKZF1 gene, which
encodes the lymphoid transcription factor IKAROS, occur frequently in
Philadelphia-positive (Ph+) acute lymphoblastic leukemia (ALL) and has been
associated with poor outcome. The IKZF1 deletion is also associated with Ph-like
ALL [65–75].

2.5 T-lymphoblastic Leukemia/lymphoma

Precursor T-lymphoblastic leukemia/lymphoma or T acute lymphoblastic
leukemia/lymphoma (T- ALL/LBL) is characterized by blasts of small to
medium-size involving blood or/and bone marrow (leukemic presentation) or
infiltration of thymus (mediastinal) or nodal or extranodal sites such as skin, tonsils,
spleen, liver, testicle, and CNS (lymphoma presentation). When extramedullary
tissue is primarily involved, the peripheral blood might have circulating lym-
phoblasts. However, the bone marrow blasts should be more than 25% if a diag-
nosis of leukemia is to be made. The previous classification of pro- and pre-T-ALL
is now encompassed under the early T precursor leukemia (ETP-ALL) subtype
accounting for 10–13% of childhood and 5–10% of adult T-ALL.

Prognosis and predictive factors
T-ALL in childhood is a higher risk disease than B-ALL, and associated with a

higher risk of induction failure, early relapse, and isolated CNS relapse [76].
Minimal residual disease following therapy is a strong adverse prognostic factor
[77, 78]. In adult protocols, T-ALL is treated similarly to other types of ALL. The
prognosis of T-LBL, like that of other lymphomas, depends on patient age, disease
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stage, and lactate dehydrogenase levels [79]. Although controversial, most recent
data supports the fact that T-ALL and ETP-ALL have similar outcomes [80–82].

Immunophenotype

The T-lymphoblasts usually express TdT, CD1a (heterogeneous), CD2, cytoplas-
mic and membranous CD3, CD4, CD5, CD7, and CD8. Of these markers, only
CD3 is considered lineage specific. Co-expression of CD4 and CD8, TAL1, and
CD10 positivity can occasionally be seen [1, 83]. TAL1 expression does not cor-
relate with the presence of TAL1 gene alteration [84, 85]. Aberrant expression of
CD79a (10%), CD13, and CD33 (19–32%) can be seen in some cases [86–88].
Association of activating mutations of FLT3 with KIT expression has been also
reported [89, 90]. Occurrence of myeloid markers per se does not indicate
ambiguous lineage.

ETP-ALL expresses CD7 without expression of CD5, CD8, and CD1a. It can
show myeloid markers expression including CD13, CD33, CD34, KIT (CD117),
HLA-DR, CD11b, and CD65. Blasts also express cytoplasmic or rarely surface
CD3 and in some cases CD2 and/or CD4 [1].

Genomic alterations in T-ALL/LBL

One of the most common genetic alterations in T-ALL occurs in NOTCH1 gene,
which encodes a protein critical for early T-cell development. Activating NOTCH1
mutations are reported in 50% of cases and involve the extracellular heterodimer-
ization domain or the C-terminal PEST domain of NOTCH1. Increased NOTCH1
signaling leads to MYC activation, which is a downstream target of NOTCH1 gene.
Mutation is the MTOR pathway gene FBXW7 has been seen in 30% of cases, which
is normally a negative regulator of NOTCH1 and these mutations increase the
half-life of the NOTCH1 protein [91–94]. Somatic TP53 mutations are found in
16% ALL and are associated with adverse outcomes and found to be more frequent
in T-ALL than in B-ALL. These inactivate the tumor suppressor p53 protein that
plays a crucial role in cell cycle regulation and apoptosis after DNA damage [27,
30].

Mutations of the PHF6 gene have mostly been reported in male patients with
T-ALL. The PHF6 gene on the X chromosome encodes a plant homeodomain
(PHD) protein containing four nuclear localization signals and two imperfect PHD
zinc finger domains with a proposed role in transcriptional regulation and/or
chromatin remodeling [95–103]. JAK1 mutations are more prevalent among adult
and childhood subjects with T-ALL compared to B-ALL and these are associated
with poor prognosis and a high risk of treatment failure [104–108].

The molecular signature of ETP-ALL is similar to normal early thymocyte
precursors and is different from other T-ALL subtypes. Overexpression of CD34,
KIT, GATA2, CD44, and CEBPA has been reported. Mutations in myeloid-related
genes such as FLT3, KRAS, NRAS, and DNMT3A are more commonly reported in
this entity [109–113].
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Cytogenetic aberrations occur in about 50–70% of T-ALL/LBL [1]. These often
involve rearrangements of the T-cell receptor (TCR) alpha and delta genes followed
by TCR beta and gamma abnormalities [114, 115]. However, simultaneous pres-
ence of IGH gene rearrangements is found in up to 20% of cases [116, 117]. Most
common genes involved are transcription factors TLX1 (also called HOX11) at
10q24 (7% of childhood and 30% of adult cases) and TLX3 (20% of childhood and
10–15% of adult cases) [114]. Rearrangements in other genes are found including
KMT2A (MLL), MYC, TCF3, TAL1, STIL, PICALM, MLLT10, NUP98, LCK, LMO,
LYL1, RBTN1, and RBTN2 [114, 118–120]. The TLX1 gene alterations have been
reported to have a favorable prognosis [121]. The fusion of PICALM-MLLT10 (also
known as CALM-AF10) resulting from the t(10;11)(p12;q14) is one of the known
recurrent fusions in T-ALL but is also reported in AML and mixed-lineage leu-
kemia. The prognosis for patients with PICALM-MLLT10 fusion may vary
depending on the immunophenotype and the presence of EZH2 mutations
[122–128].

NUP214-ABL1 fusion resulting in a constitutively activated tyrosine kinase have
been found in T-ALL and Ph-like ALL and may be targetable by tyrosine kinase
inhibitors [129–134]. Next-generation sequencing (NGS) studies are often required
to identify gene fusions in T-ALL, since in many cases, these rearrangements are
not detected by conventional karyotyping.

2.6 Diagnostic Work up of ALL

The national comprehensive cancer network (NCCN) guidelines for acute lym-
phoblastic leukemia recommends molecular characterization of ALL to include
analysis of G-Banded metaphase chromosomes, FISH studies for the major
recurrent genetic abnormalities, and RT-PCR for BCR-ABL1 (p190 and p210).
Furthermore, additional testing is encouraged for gene fusions and other mutations
if a case is found to be BCR-ABL1 negative. Additional optional tests include array
comparative genomic hybridization in cases of aneuploidy or failed karyotyping
[135].

FISH studies are more readily available in most laboratories and are highly
specific for selected rearrangements such as those involving IGH. However, this
method may not be practical for general screening in ALL cases due to the broad
variety of rearrangements that can be present. To expedite a diagnosis and facilitate
most appropriate therapy for the patient, RNA sequencing represents the most
optimal option if available.

Many laboratories now have NGS assays for acute leukemia ranging from tar-
geted genes starting from 20 genes to whole exome sequencing. These assays are
mainly designed to detect mutations and fusions using PCR, Sanger sequencing,
RT-PCR, and next-generation sequencing methods. Gene expression assays are not
widely available in clinical laboratories.
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Identification of Ph-like ALL remains the most challenging issue for initial work
up of B-ALL and is critical for its prognostication. Many of the reported strategies
are not widely available in clinical practice. Roberts et al. have used an 8-gene
TaqMan low-density array (LDA) by PCR for definitive identification of Ph-Like
ALL. In cases with high CRLF expression the CRLF2 rearrangement status was
assessed with FISH analysis and JAK1, JAK2 mutations status by Sanger
sequencing. The remaining cases with low expression of CRLF2 were tested with
an RT-PCR assay for 41 known kinase fusions transcripts. If these cases had no
kinase fusions, then whole transcriptome sequencing was done [136].

Chiaretti et al. recently summarized the testing strategies that different groups
have taken to identify Ph-like cases [137]. These assays include an assorted com-
bination of various methods including FISH, LDA, RT-PCR, NGS (RNAseq,
Whole exome sequencing, Whole genome sequencing) (17,20), or more simplified
approaches including RT-PCR for known fusion transcripts, JAK2 mutations, and
CRLF2 rearrangement [38, 41].

A stepwise testing strategy starting with an initial LDA assay to determine if the
leukemia is pH-like would be more cost effective. However, if the case is deter-
mined to be Ph-like, additional testing will be required in a reflex manner, which
can be time consuming and might have the risk of having insufficient tissue for
further sequential analysis. Diagnosis of Ph-like ALL remains a challenge, partic-
ularly in resource poor settings.

2.7 Our Approach to Genomic Testing of ALL

At our facility, the majority of B-ALL cases seen are in adults and we perform a
combination of cytogenetics, FISH,RT-PCR,DNAseq, RNAseq, andNGS studies on
all initial and relapsedB-ALLcases. These assayswere designedwith consideration of
the frequency of the alterations found in the population seen at our cancer center,
which is enriched for Ph-like cases given the large Latino population we servevp.

The use of NGS allows for the detection of gene mutations and fusions that
involve a targeted partner. This means that novel fusions can also be detected as
long as one of the affected genes is included in the panel. Our testing strategy is
depicted in Fig. 2.1. The genes tested in our NGS mutation and fusion panel are
shown in Table 2.2.

Our RNAseq assay was designed to assess previously described as well as novel
kinase gene fusions in ALL. However, we found that FISH studies for IGH rear-
rangement were also necessary as IGH-CRLF2 or IGH-EPOR translocations in the
case of Ph-like ALL could be missed in cases of rearrangement involving regions
outside of primers used. To increase the odds of detection, especially for cases with
potential JAK1 and JAK2 mutations, we evaluate the CRLF2 expression level by
RNAseq and reflex to FISH IGH testing in cases with high expression.

2 Genetics and Diagnostic Approach … 27



There are multiple advantages of doing comprehensive genomic testing upfront
for ALL patients using our methodology. These include a faster turnaround time
assay as a majority of the relevant alterations are included in one assay. Such a
strategy would be cost effective in the long term and detect most Ph-like ALL cases
when initially screened by exclusion of Ph-positive ALL by FISH/PCR.

The genomic heterogeneity of Ph-like ALL is broad, and although many of the
findings have relevance across age groups; additional research is still necessary to
understand implications of particular findings for therapy in different age groups,
for instance, response to immune-based treatments and outcomes of allogeneic
hematopoietic stem cell transplantation. Understanding the evolution of disease
with comparison between the initial and relapsed clones might help with the
development of customized minimal residual disease assays and further optimize
treatment for this poor prognostic subtype [138–142].

Some illustrative cases evaluated using our diagnostic strategy are described
below.

Fig. 2.1 City of Hope testing algorithm for initial work up of B-ALL
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Table 2.2 Hematologic malignancy mutation assay: entire coding region mutation analysis of
135 genes

BL1 ARID1A ASXL1 ATM B2M BCL2 BCL6

BCOR BCORL1 BIRC3 BRAF BTK CALR CARD11

CBL CBL-B CCND1 CCND3 CD38 CD3E CD3G

CD79A CD79B CDK4 CDK7 CDKN1B CDKN2A CDKN2B

CDKN2C CEBPA CHD2 CRBN CREBBP CSF3R CUX1

CXCR4 DDx3x DIS3 DNMT3A E2F1 EGFR EP300

ETV6 EZH2 FBXW7 FGFR3 FH FLT3 FAM46C

FOXO1 GATA1 GATA2 GNA13 GNAS HCK HRAS

ID3 IDH1 IDH2 IGLL5 IKZF1 IL6 IL7R

IRF4 JAK1 JAK2 JAK3 KDM6A KIT

KMT2A KMT2C KMT2D KRAS LCK LMO2 MAPK1

MEF2B MGA MIR 142 MPL MYC MYD88 NFKB2

NOTCH1 NOTCH2 NPM1 NRAS NTRK1 PAX5 PDCD1

PDGFRA PHF6 PIGA PIK3CA PIK3CD PIK3CG PIK3R5

PLCG2 POT1 PRDM1 PTEN PTK2B PTPN11 RAD21

RB1 RFC4 RPS15 RUNX1 SETBP1 SF3B1 SMC1A

SMC3 SOCS1 SOCS6 SPI1 SRSF2 STAG2 STAT3

STAT5A STAT5B STAT6 SUZ12 TCF3 TET2 TNFAIP3

TP53 TP63 U2AF1 UBR5 WHSC1 WHSC1L1 WT1

XPO1 ZEB1 ZRSR2

Hematologic malignancy fusion analysis of 74 Genes (>5000 selected rearrangements)

ABL1 ABL2 ALK BCL11B BCL2 BCL6 BCR

BIRC3 CBFB CCND1 CCND3 CDK6 CHD1 CHIC2

CIITA CREBBP CRLF2 CSF1R DEK DUSP22 EBF1

EIF4A1 EPOR ERG ETV6 FGFR1 GLIS2 IKZF1

IKZF2 IKZF3 JAK2 KAT6A KLF2 KMT2A MALT1

MECOM MKL1 MLF1 MLLT10 MLLT4 MYC MYH11

NF1 NFKB2 NOTCH1 NTRK3 NUP214 NUP98 P2RY8

PAG1 PAX5 PBX1 PDCD1LG2 PDGFRA PDGFRB PICALM

PML PRDM16 PTK2B P2PR8 RARA RBM15 ROS1

RUNX1 RUNX1T1 SEMA6A SETD2 STIL TAL1 TCF3

TFG TP63 TYK2 ZCCHC7
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2.8 Case 1: BCR-ABL1 (Ph) Positive B-ALL

2.8.1 Clinical Presentation and Pathology

A 47-year old female with history of breast cancer 3 years ago was evaluated for
the left hip pain and night sweats of one-month duration. She had previously
undergone double mastectomy followed by chemotherapy with docetaxel and
cyclophosphamide.

Magnetic resonance imaging of left hip showed a 1.6 cm T1 hypointense and T2
hyperintense lesion at left femoral neck. PET/CT scan imaging showed diffuse FDG
avidity within axial and proximal appendicular skeleton, focal avid area seen at L
femoral neck as well as hypermetabolic mesenteric lymph nodes. She underwent a
bone marrow biopsy and CT guided femoral neck biopsy and came to our insti-
tution for continued management of her newly diagnosed hematologic malignancy.

At presentation, her laboratory studies showed anemia and thrombocytopenia
with white blood cell count (WBC) at 17,600/µL with 29% circulating blasts. The
review of bone marrow biopsy revealed B-lymphoblastic leukemia (90% blasts)
extensively involving a markedly hypercellular bone marrow. Flow cytometry
revealed a classic B-lymphoblastic leukemia immunophenotype, in which the
leukemic blasts expressed CD10, CD19, CD20, CD22, CD24, CD34, CD38,
HLA-DR, TdT, with no expression of CD117, myeloperoxidase, and other markers
tested. Cerebrospinal fluid examination did not show any blasts.

2.8.2 Genomic Evaluation

FISH study revealed the presence of t(9;22)(BCR/ABL1) fusion, with minor BCR
breakpoint, gain of derivative Ph chromosome, and tetrasomy of chromosome
14. Classical cytogenetic study revealed a complex karyotype as 58,XX, +2, +4,+6,
+8, t(9;22)(q34;q11.2), +10, +14, +15, +18, +21, +der(22)t(9;22)(q34;q11.2)[cp5].
The BCR-ABL1 (p190) fusion transcript was detected at 74.543% by quantitative
RT-PCR. No additional genetic testing is warranted in this case given the diagnosis
of Ph + ALL (Fig. 2.1) and patient would be treated initially with a combination of
tyrosine kinase inhibitor and chemotherapy.

2.9 Case 2: Ph-Like B-ALL

2.9.1 Clinical Presentation and Pathology

The patient was a 44-year-old man who presented with a history of severe
abdominal pain lasting for approximately 3 days with a preceding history of
tiredness, fatigue, and low energy levels for 3 months. When he was admitted to the
hospital for abdominal pain, he was noted to have elevated WBC count of 60,000/
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µL with predominantly circulating blasts. His bone marrow biopsy revealed 90%
lymphoblasts with expression of CD10, CD20 (subset), CD19, CD22, CD24,
CD34, and CD38.

2.9.2 Genomic Evaluation

Cytogenetic study revealed a 46,XY, der(9), t(9;16)(p13;q22), der(16), t(9;16)(p22;
q22) karyotype. A FISH study demonstrated loss of CDKN2A and translocation of
intact CBFB to derivative chromosome 9. Sequencing studies were performed using
our targeted NGS assay and revealed the following results:

Gene Genomic Alteration

MLL3 c.13305G > A; p.W4435*

JAK2 c.2600G > A;p.R867Q

P2RY8-CRLF2 Fusion

CRLF2 High expression

2.9.3 Interpretation of NGS Results

The genetic alterations detected by our bioinformatics pipeline were analyzed with
multiple disease specific and population databases, review of disease guidelines and
published literature, and interpreted as described below:

JAK2: A missense alteration at codon 867 of the JAK2 gene was detected.
Mutations of the JAK2 gene, which encodes for a protein tyrosine kinase
involved in cytokine receptor signaling, have been found in * 10% of
B-lymphoblastic leukemia (B-ALL) cases. The p.R867Q alteration detected in
this specimen has been previously reported in patients with B-ALL and other
solid tumors [51, 105, 106, 143–145].
MLL3: A nonsense alteration at codon 4435 of the MLL3 (also known as
KMT2C) gene was detected. Mutations of the MLL3 gene, which encodes a
histone lysine methyltransferase and is correlated with tumor suppressor func-
tions, have been found in various hematological malignancies. To our knowl-
edge, the p.W4435* mutation detected in this specimen has never been reported.
Furthermore, nonsense mutations like the one in our patient cause premature
codon termination and are expected to have a deleterious effect on protein
function [100, 146–151].
P2RY8-CRLF2: A fusion of the P2RY8 to CRLF2 gene was detected. Fusions of
P2RY8 to CRLF2, are reported to result in deregulated expression of the CRLF2
gene under the control of the P2RY8 promoter and have been found in B-ALL,
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Ph-like acute lymphoblastic leukemia (ALL) and Down syndrome associated
ALL. Rearrangement of CRLF2 has been associated with mutation of JAK
kinases, Latino ethnicity, and poor outcome in pediatric B-ALL. A few studies
have reported that increased CRLF2 expression associates with JAK2 mutation as
seen in this patient, suggesting that mutant JAK2 and CRLF2 may cooperate in
B-ALL pathogenesis. Elevated CRLF2 expression correlates with poor outcome in
high-risk B-ALL patients. Adults and children with high-risk CRLF2-rearranged
ALL respond poorly to current cytotoxic chemotherapy and suffer unacceptably
high rates of relapse; one study reported PI3K/mTOR pathway inhibitors such as
rapamycin, PI103, and PP242 also inhibited activated signal transduction and
translational machinery proteins of the PI3K/mTOR pathway, suggesting that
signal transduction inhibitors targeting this pathway also may have therapeutic
relevance for patients with CRLF2-rearranged ALL and merit further preclinical
testing. One study reported combined inhibition of JAK/STAT and mTOR path-
ways by next-generation inhibitors had promising anti-leukemia efficacy in pre-
clinical models of CRFL2-rearranged Ph-like B-ALL [49–58].

These genomic findings of P2RY8-CRLF2 fusion and JAK2 mutation helped
establish the diagnosis of Ph-like ALL in this case.

The patient underwent induction chemotherapy and attained CR, followed by
consolidation on a pediatric type chemotherapy regimen. MRD data during early
treatment course was not available. He relapsed 6 months after starting therapy.
After treatment with blinatumomab, and subsequently with inotuzumab ozogamicin
in combination with chemotherapy, patient entered MRD negative remission and
subsequently underwent allogeneic stem cell transplantation using myeloablative
radiation-based conditioning. He relapsed 7 months later with extramedullary dis-
ease in right submandibular gland without bone marrow involvement and suc-
cumbed to his disease [100, 138, 152]. The adverse outcome of Ph-like ALL is
illustrated by this case. Whether these cases should undergo allogeneic stem cell
transplantation early in disease course remains controversial. It is critical to
incorporate the results of MRD analysis in prognostication and decision-making.

2.10 Case 3. T-ALL

2.10.1 Clinical Presentation and Pathology

The patient is a 51-year-old woman who presented with fatigue, malaise, exercise
intolerance, and some gastrointestinal complaints. Blood count showed elevated
WBC of 224,000/µL, with decreased platelet count of 22,000 µL and hematocrit of
26%. Her clinical history was notable for thyroid cancer for which she underwent
surgery followed by radioactive iodine therapy 8 years prior to diagnosis of ALL.
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Her diagnostic bone marrow biopsy revealed extensive involvement with T-ALL
with 80% blasts. The lymphoblasts expressed CD1a (dim), CD2, cCD3, surface
CD3 (dim), CD5, CD7, CD8 (subset), CD24, and CD56 (subset). Blasts were
negative for CD4, CD10, CD13, CD16, cCD22, CD33, CD34, HLA-DR, MPO,
TCR Alpha–Beta, TCR Gamma-Delta, and TdT. Cytogenetics showed normal
female karyotype 46,XX [20]. FISH study demonstrated no assay-specific abnor-
malities. CSF showed leukemic involvement at diagnosis.

2.10.2 Molecular Genomic Evaluation

Targeted sequencing studies were performed using our NGS-based assay with the
following results:

Gene Genomic Alterations

NOTCH1 c.7322_7323insTTG; p.D2442*
CCND3 c.811dup;p.R271Pfs*53
NUP98-RAP1GDS1 Fusion

2.10.3 Interpretation of NGS Mutation Panel Results

The genetic alterations detected by our bioinformatics pipeline were analyzed with
multiple disease specific and population databases, review of disease guidelines and
published literature and interpreted as described below:

NOTCH1: A nonsense alteration at codon 2442 of the NOTCH1 gene was
detected. As discussed earlier, mutations of the NOTCH1 gene are among the
most common alterations in T-ALL and are found in more than 50% of cases.
These mutations affect the heterodimerization domain (HD) or the PEST domain
and have been associated with poor outcomes. To our knowledge, the p.D2442*
mutation detected in this patient has not been previously reported. However, this
alteration is expected to lead to loss of the PEST domain, increased stability of
the intracellular domain and activation of the NOTCH1 pathway [91, 153–161].
NUP98-RAP1GDS1: This fusion is one of the known recurrent fusions reported
in patients with ALL. NUP98 fusions are also detected in other human
hematopoietic malignancies and associated with poor prognosis [162–172].
CCND3: A frameshift alteration at codon 271 of the CCND3 gene was detected.
The CCND3 gene encodes cyclin D3, which is a critical regulator of cell cycle
progression. Mutations of CCND3 have been found in hematologic malignan-
cies. The p.R271Pfs*53 mutation detected in this specimen has been previously
reported in lymphoid disorders. Furthermore, frameshift mutations lead to
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premature truncation of the protein and are expected to have a significant
deleterious effect [172–175].

This case by definition would be classified as therapy-related ALL given the
prior exposure to cytotoxic therapy, i.e., radioactive iodine.

2.10.4 Follow up and Treatment

She was in complete remission with MRD-negative status after induction using a
pediatric type chemotherapy regimen. She cleared her CSF with intrathecal
chemotherapy. However she was found to have cirrhosis of the liver and hence could
not receive the complete course of chemotherapy and ultimately succumbed to liver
failure.
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3Acute Promyelocytic Leukemia:
Update on Risk Stratification
and Treatment Practices

Amandeep Salhotra and Matthew Mei

3.1 Background and Epidemiology

Acute promyelocytic leukemia (APL) is a rare but highly curable form of acute
myeloid leukemia (AML) whose genetic hallmark is the balanced reciprocal
translocation t(15;17)(q22;q12) which fuses the promyelocytic leukemia (PML) and
retinoic acid receptor alpha (RARa) genes [1, 2]. It is a rare disease and accounts for
5–10% of adult AML with an estimated incidence of 0.1/100,000 in Western
countries [3]. In the United States, 600–800 new cases are diagnosed every year
although the incidence appears increased in patients originating from Latin America
[4]. Notably, the median age at diagnosis is approximately 40 years which is sig-
nificantly lower than in AML where the median age is 68 years.

3.2 Pathogenesis

As mentioned above, the sentinel genetic event behind the pathogenesis of nearly
all APL cases is the acquisition of the fusion PML-RARa gene. The three most
common fusion isoforms are known as the long (bcr1), variant (bcr2), and short
(bcr3) isoforms, respectively, and collectively comprise the large majority of
PML-RARa fusions although other splice variants have been occasionally described
[5], and other genetic changes can also yield the same fusion transcripts, in the
absence of the canonical t(15;17) [6]. The PML-RARa oncoprotein represses
transcription of a number of downstream genes resulting in a maturation arrest at
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the promyelocyte stage. Fusions involving the RARa locus and a non-PML partner
have also been described in APL, the most common of which is PLZF-RARa arising
from a t(11;17)(q23;q21) [7]. Acquired cytogenetic abnormalities (most commonly
trisomy 8) are present in a minority of APL cases and may impact outcomes in
patients treated with ATRA and chemotherapy [8]. The somatic mutation landscape
has also been characterized and many recurrent mutations have been identified
(most commonly in FLT3) although in light of the very high cure rate in APL, the
impact on prognosis is unclear [9].

3.3 Coagulopathy

Coagulopathy is present in 80% of patients at diagnosis and is a major cause of
induction morbidity and mortality. The pathogenesis is complicated and includes
significantly increased fibrinolysis, disseminated intravascular coagulopathy, and an
increase in inflammatory cytokines [10]. Accordingly, patients typically present
with hypofibrinogenemia, thrombocytopenia, and elevated PT/INR and PTT.
Mucocutaneous bleeding is fairly common, but more serious intracranial or pul-
monary bleeds can also occur [10] and are largely responsible for the significant
burden of early death seen in 17–29% patients in the real world setting [11, 12].
Historically, APL was characterized by a rapidly fatal course with a high incidence
of early hemorrhagic death. This was evident in early studies when patients who
were treated with corticosteroids experienced a median survival of less than 1 week
[13, 14]. Early mortality has been significantly reduced by administration of all
trans-retinoic acid (ATRA) immediately when the diagnosis is suspected along with
aggressive supportive care measures including frequent transfusions of platelets,
fresh frozen plasma, and cryoprecipitate while definitive therapy is instituted [15].

3.4 Drug Development in APL

The first therapeutic breakthrough in APL occurred in the 1970s when single-agent
daunorubicin was found to induce complete remission (CR) in about 50% of
patients with a median duration of response of 26 months [16]. The treatment of
APL was further transformed dramatically by the introduction of ATRA and arsenic
trioxide (ATO) in 1988 [17] and 1996 [18], respectively. ATRA given at phar-
macologic doses binds to the fusion PML-RARa and induces terminal differenti-
ation of APL promyelocytes into mature granulocytes and as monotherapy is
associated with CR rates of up to 80% without inducing myelosuppression; how-
ever, relapses occur within a few months if no other agents are given [19, 20]. ATO
is the single most active agent in APL and was initially tested in the relapsed setting
where it was found to induce CR in the large majority of patients [21]. Since then, it
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has since been incorporated in most of the commonly used frontline regimens as
well. It has multiple mechanisms of including both induction of apoptosis and
differentiation and potentially via inhibition of angiogenesis as well [22].

3.5 Diagnosis and Initial Management

APL should be suspected in any patient presenting with unexplained DIC and
pancytopenia, and the peripheral blood usually shows an excess of promyelocytes.
The disease should be treated as a medical emergency given the high early mor-
bidity and mortality, and urgent administration of ATRA should be initiated with
aggressive supportive measures including blood product support with platelets to
maintain a count of at least 30–50,000/µL and cryoprecipitate to maintain a fib-
rinogen level of at least 100–150 mg/dL starting even prior to a definitive diag-
nosis. Leukapheresis is discouraged given that it may exacerbate the coagulopathy
[23]. The diagnosis of APL can be quickly confirmed by sending the peripheral
blood for PML-RARa transcripts by RT-PCR or detecting the PML-RARa fusion
gene by fluorescence in situ hybridization (FISH).

3.6 Case 1

JK is a 20-year-old woman who presented with a two-week history of easy bruising
and fatigue. A CBC done at presentation showed pancytopenia with a WBC of
1,600/µL, hemoglobin of 8.9 gm/dL and platelet count of 12,000/µL. Coagulation
profile showed an elevated INR of 1.4 and a fibrinogen level measuring
58.6 mg/dL. Given the strong suspicion for APL, she was started empirically on
ATRA 45 mg/m2 daily upon arrival to the hospital while further work-up was in
progress. FISH testing did reveal a t(15;17), and a bone marrow biopsy revealed
55% blasts positive for CD13, CD33, CD34, CD117, and negative for HLA-DR.
She was subsequently started on ATO 0.15 mg/kg IV daily in combination with
ATRA 45 mg/m2. She was monitored closely for differentiation syndrome and
during induction therapy, which she tolerated well aside from minor headaches
which was treated symptomatically. EKGs were checked 3 times a week to monitor
the QT interval and patient received oral calcium, potassium, and magnesium
supplementation as needed. A bone marrow biopsy at day 35 showed complete
remission, and she subsequently completed 4 cycles of consolidation with
ATRA/ATO with the PML-RARa transcript no longer detectable by PCR after the
first consolidation cycle. She then received maintenance therapy with ATRA
45 mg/m2 given for 2 weeks every 3 months for 2 more years. She is now more
that 2 years post completion of maintenance therapy and remains in ongoing
remission.
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3.7 Risk stratification

While APL was previously stratified into low, intermediate, and high-risk disease
on the basis of the initial WBC and platelet counts [24], more recently the risk
stratification has been simplified and is solely based on the presenting WBC.
Patients presenting with an initial WBC measuring � 10,000/µL are considered to
have low-risk disease, and all other patients are considered to have high-risk dis-
ease. Of note, while the white count frequently rises after ATRA is initiated due to
terminal differentiation of the malignant promyelocytes, the risk stratification is
based on the WBC at presentation prior to any therapy.

3.8 Management of Low-Risk Disease

In the pivotal APL0406 study, adult patients with low-risk disease were randomly
assigned to either receive ATRA and ATO (ATRA + ATO) for both induction and
consolidation or ATRA and idarubicin induction followed by consolidation with
ATRA and chemotherapy. The dose of ATRA was 45 mg/m2 daily, and ATO was
given at a dose of 0.15 mg/kg daily. Approximately 75 patients were randomized to
each arm with CR rates of 100% and 95% for patients receiving ATRA + ATO and
ATRA + chemotherapy, respectively. There were 4 induction deaths in the trial, all
of which occurred in patients receiving ATRA + chemotherapy arm. The hema-
tologic toxicity profile was also in favor of using non-chemotherapy induction and
maintenance regimen; more differentiation syndrome was seen with ATRA + ATO.
2-year event-free survival rates were 97% and 86%, respectively, in the ATRA +
ATO and ATRA + chemotherapy arms [25], and superiority has been confirmed in
long-term follow-up [26]. Another multicenter randomized clinical trial conducted
in the UK (AML17) compared ATRA plus chemotherapy (idarubicin and mitox-
antrone) with ATRA + ATO in adult patients with APL; high-risk patients could
receive a dose of the anti-CD33 immunoconjugate gemtuzumab ozogamicin
(GO) 6 mg/m2 on day 1 [27, 28]. The schedule for ATO was slightly different
compared to that used in APL0406 with daily dosing for one week followed by
twice weekly dosing during induction and consolidation. There was a significantly
lower incidence of relapse in patients receiving ATRA + ATO (1 vs. 20% at
5 years) although no difference in OS was seen, likely due to the fact that who had
received ATRA + chemotherapy who experienced molecular relapse received ATO
salvage. 4-year EFS and OS were 91% and 93%, respectively, in patients receiving
ATRA and ATO. On the basis of these two randomized trials, induction therapy
combining ATRA + ATO without concurrent cytotoxic chemotherapy is the
standard of care for patients with diagnosis of low-risk APL although
ATRA + chemotherapy remains an acceptable option when ATO cannot be easily
obtained.
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3.9 Case 2

BH is a 19-year-old female with no medical history who started to experience mild
fatigue and had a cough as well. A CBC was drawn showing a striking leukocytosis
with many promyelocytes seen on the smear. She was given a dose of ATRA and
urgently transferred to our hospital. On admission, her WBC was 82,000/µL,
hemoglobin 8.9 g/dL, and platelet count 97,000/µL; the INR was 1.1 and fibrinogen
120 mg/dL. Urgent FISH testing showed a t(15;17), and a karyotype showed an
additional acquired trisomy 8. She was treated according to the APML4 protocol and
was given idarubicin 12 mg/m2 every other day for four doses followed by daily
ATO 0.15 mg/kg until remission was achieved; her treatment was complicated by
culture-negative neutropenic fever that resolved after count recovery. A bone mar-
row biopsy after hematologic remission showed no morphologic evidence of
residual APL; PCR testing from the aspirate showed that the PML-RARa transcript
was still detectable at a level of 9.21 � 10−5. She then proceeded to two consoli-
dation rounds of ATRA + ATO and two years of maintenance with
6-mercaptopurine, methotrexate, and ATRA. The PML-RARa transcript was no
longer molecularly detectable after the first consolidation round, and she remains in
ongoing remission, over two years after completion of maintenance therapy.

3.10 High-Risk Disease

Although cytotoxic chemotherapy has been largely eliminated from low-risk treat-
ment regimens, there is less consensus on whether or not to do for patients with
high-risk disease given their exclusion from APL0406. The concern with treating
high-risk disease with ATRA + ATO alone is that the expected high rate of severe
leukocytosis seen with terminal differentiation of the malignant clone; therefore,
regimens used for treating high-risk disease have traditionally all included multiple
rounds of anthracycline therapy to quickly debulk the disease [29, 30]. Efforts have
therefore been focused on reducing the quantity of cytotoxic chemotherapy given or
even eliminating it altogether to minimize toxicity. To date, there are two studies
which have included high-risk patients while omitting conventional cytotoxic
chemotherapy; the results of AML17 were already discussed above, and MD
Anderson regimen also incorporated GO (9 mg/m2 given on day 1) with daily
ATRA and ATO with 5-year EFS, DFS, and OS of 81%, 89%, and 86%, respec-
tively [31]. The APML4 trial from the Australasian Leukemia and Lymphoma
Group (ALLG) studied ATRA with 4 doses of idarubicin 12 gm/m2 given every
other day followed by daily ATO until remission; no further anthracycline was
given. Patients then received two cycles of consolidation therapy with ATRA +
ATO followed by 2 years of maintenance therapy with ATRA, 6-mercaptopurine,
and methotrexate. 5-year OS and EFS were 94% and 90%, respectively (87 and 83%
in the high-risk cohort), and the cumulative incidence of relapse was 5% in high-risk
patients [32, 33].
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3.11 Practical Aspects of ATRA and ATO Dosing

The recommended starting dose of ATO is 0.15 mg/kg intravenously daily using
actual body weight unless the AML17 regimen is utilized. As QT prolongation is
one of the principal concerns, regular ECGs are recommended, and every effort
should be made to minimize concurrent use of medications that may prolong the
QT interval (such as ondansetron and fluoroquinolone antibiotics). Electrolyte
levels should be monitored daily, and the potassium and magnesium levels should
be maintained at or above 4 mEq/L and 1.8 mg/dL if possible. ATO should be
withheld if the QTc exceeds 500 ms until it normalizes; subsequently, it can be
resumed afterward at 50% of the dose for a week and gradually escalated back to
the full dose. Mild hepatotoxicity in the form of transaminase elevation is also
common. In APL0406, ATO was held when the AST and/or ALT exceeded 5 times
the upper limit of normal and resumed at 50% of the original dose for a week when
they were both under 4 times the upper limit of normal followed by escalation to the
full dose. To date, no case of fatal treatment-related hepatotoxicity has been
reported in patients treated with ATO. The duration of ATO administered is dif-
ferent depending on the study. For instance, in APL0406 it was given until
hematologic remission was achieved or for 60 days, whichever came sooner,
whereas AML17 and APML4 both featured fixed durations of ATO (8 weeks for
AML17 although it was given 5 days a week for the first week and twice weekly for
the subsequent 7 weeks, and 28 consecutive days in APML4).

The recommended starting dose of ATRA is 45 mg/m2/day given in 2 divided
daily doses given until complete remission is achieved. Headache is frequently
associated with ATRA use, and if symptomatic management does not alleviate
symptoms, the dose may be reduced to 25 mg/m2/day without impacting efficacy
significantly. However, unless there is persistent headache or clearly documented
pseudotumor cerebri, dose reduction is not recommended. Additionally, patients
receiving ATRA should be closely monitored for hyperleukocytosis (only during
induction), differentiation syndrome (discussed below), and liver function
abnormalities.

3.12 Differentiation Syndrome

Differentiation syndrome is a potentially life-threatening complication which can
occur within the first few days to weeks after the start of ATRA and/or ATO-based
induction and is associated with one or more of the following clinical manifesta-
tions: dyspnea, pulmonary interstitial infiltrates, fever, weight gain, pleuropericar-
dial effusions, hypotension, acute renal failure, and peripheral edema. It is thought
to be mediated at least in part by massive cytokine release from the maturing
precursor myeloid cells [34]. As these findings may also be associated with
infection or hemorrhage, differentiation syndrome is a diagnosis of exclusion [35].
Careful attention to supportive care and prompt initiation of glucocorticoids
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(typically dexamethasone 10 mg IV twice daily) is imperative. In mild to moderate
cases, continuation of ATRA and/or ATO is reasonable; in severe cases, holding
these agents and resuming after there is clinical improvement is recommended [36].
Of note, some regimens including APL0406 and APML4 include prophylactic
corticosteroids.

3.13 Pseudotumor Cerebri (PTC)

This is a rare complication of ATRA therapy with a reported incidence of 3% in
randomized studies [23]. It is seen mainly in children and adolescents and char-
acterized by headache and evidence of papilledema on ophthalmologic examina-
tion. Neuroimaging is required for exclusion of intracranial space-occupying
lesions and spinal fluid analysis is also required. Management is by temporary
discontinuation of ATRA if symptoms persist after use of analgesic medications.
Acetazolomide and steroids can also help alleviate the symptoms.

3.14 Response Assessment and Surveillance

The large majority of patients who receive ATRA plus chemotherapy or ATRA
plus ATO achieve remission at the end of induction chemotherapy unless they
succumb to early infectious or hemorrhagic complications. During the first 3–
4 weeks of induction therapy, the white count frequently rises which signifies
terminal differentiation of the malignant clone and indicates neither marrow
recovery nor progressive disease. Treatment should continue until there is no
morphologic evidence of disease in the bone marrow, and in our experience patients
often require 5–6 weeks to achieve morphologic remission with full count recovery.
Of note, most patients will still have molecularly detectable disease after induction
therapy, and there is no need to test for the PML-RARa until the end of consoli-
dation. The ultimate goal of treatment is to achieve a complete molecular remission
defined as an undetectable PML-RARa transcript level in the bone marrow by
RT-PCR [37, 38].

As relapse is relatively uncommon for patients who are treated with ATRA and
ATO containing regimens, there is no standard of post-treatment surveillance for
patients who achieve molecular remission. The role of surveillance in low-risk
patients treated with ATRA and ATO is unclear given the low risk of relapse. In
high-risk patients where the rate of relapse is higher and exceeds 10%, surveillance
PCR from the peripheral blood every 2–3 months for 2 years after the completion
of consolidation and/or maintenance is reasonable as either a molecular or overt
relapse warrants salvage therapy as outlined below.
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3.15 Role of Maintenance Therapy

Although many older APL regimens include an extended period of maintenance
therapy, its efficacy is unclear in low-risk patients treated with ATRA and ATO as
well as in high-risk patients whose frontline therapy include both ATRA and ATO.
The APL93 trial whose induction and consolidation therapy both consisted of
ATRA, daunorubicin, and cytarabine found a decreased 10-year relapse rate with
2 years of maintenance ATRA, 6-mercaptopurine, and methotrexate [39]. The
North American APL Intergroup Study found benefit to maintenance ATRA
therapy although the induction and consolidation regimens are inferior to those
presently used (induction and the first consolidation were both randomized to
ATRA vs. daunorubicin and cytarabine) [40]. Also, APML4 included maintenance
therapy with ATRA, 6-mercaptopurine, and methotrexate in all patients. However,
neither APL0406 and AML17 included maintenance therapy. For any given patient,
we recommend full adherence to the regimen as published with implementation of
maintenance if it is part of the chosen regimen.

3.16 Case 3

MT is a 40-year-old woman who presented to outside hospital with heavy men-
strual bleeding, headaches, and easy bruising. A CBC was significant for a WBC
count of 15,000/µL, platelet count of 20,000/µL, and hemoglobin of 8.8 gm/dL.
The INR was 1.4 and fibrinogen was 110 mg/dL at presentation. Bone marrow
biopsy confirmed APL with a hypercellular marrow showing 70% promyelocytes,
and a karyotype showed 46 XX, t(15;17)(q24;q21). She received induction
chemotherapy with ATRA, ATO, and 4 doses of idarubicin at 12 mg/m2 given on
days 2, 4, 6, and 8 due to her high-risk disease; induction was complicated by
headaches requiring dose reduction in ATRA. A bone marrow biopsy was done
6 weeks post induction chemotherapy confirmed that the patient had received
morphologic and cytogenetic remission. She then completed 4 cycles of ATRA +
ATO consolidation. She presented one year later with similar symptoms, and a bone
marrow biopsy confirmed relapsed APL. She achieved molecular remission with
ATRA + ATO and underwent autologous hematopoietic cell transplant (ASCT)
conditioned with fractionated total body irradiation and etoposide. At 6 months
post ASCT, she remains in molecular remission.

3.17 Management of Relapsed APL

With introduction of ATRA and ATO alone in low-risk patients and the increasing
use of ATRA and ATO with a third agent in high-risk disease, the large majority of
patients will achieve long term cure provided the full course of therapy is delivered.
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However, a fraction of patients still relapse and need salvage therapy. In the event
of an early relapse occurring within 6 months f completion of ATRA and
ATO-based therapy without prior anthracycline, ATRA + anthracycline therapy is
reasonable. In the event of a later relapse (over 6 months) or early relapse after
ATRA + chemotherapy, ATO therapy is recommended with an unclear benefit for
the addition of ATRA. If molecular remission is achieved, then autologous trans-
plant is recommended with curative intent and appears to be superior to allogeneic
transplant when performed in second remission [41].
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4.1 Introduction

Acute myeloid leukemia (AML) is characterized by blocked differentiation and
proliferation of immature myeloid cells leading to bone marrow failure and infil-
tration of other organs. Although significant advances in therapy have been realized
in recent years, overall outcomes remain poor, especially in elderly and unfit
patients who comprise the majority of AML patients. In fit patients, induction
therapy has historically consisted of a combination of an anthracycline such as
idarubicin or daunorubicin and infusional cytarabine with the goal of achieving a
morphologic complete remission (CR) defined by recovery of normal hematopoi-
esis and less than 5% myeloid blasts in the bone marrow. However, even if a CR is
realized, relapse is inevitable without further consolidation therapy, either with
additional cycles of cytotoxic chemotherapy or with allogeneic stem cell trans-
plantation (alloSCT), with the specific decision regarding consolidation therapy
dependent on the probability of relapse based on cytogenetics and molecular
studies. Most patients who achieve CR are consolidated with alloSCT with curative
intent if they are suitable candidates with available donors. Elderly or unfit patients
were traditionally treated with hypomethylating agents alone or offered the best
supportive care. Lately, a combination of hypomethylating agent with the Bcl-2
inhibitor venetoclax has shown marked efficacy in AML and has become the
standard of care for the elderly and unfit patient population. This has allowed more
patients in the older age groups to achieve deep CR and proceed to alloSCT using
reduced-intensity conditioning. For patients with relapsed or refractory (R/R) dis-
ease, outcomes remain poor and for the majority of cases without a targetable
mutation, there is no standard treatment regimen. Choice of therapy in R/R AML is
based on several factors such as patient fitness, alloSCT candidacy, and molecular
profiling with the ultimate goal of doing alloSCT, ideally performed while in
second complete remission.

While the above outline still holds true, a deep understanding of the molecular
biology underpinning AML continues to be translated into therapeutic advances,
many of which are rapidly being incorporated into standard practice. In particular, a
number of targeted therapies directed at individual driver mutations have been
approved in AML, both as single agents as well as in conjunction with cytotoxic
chemotherapy, and play an important role in the current management of AML.
Moreover, the development of antibody-based therapies, T-cell-based
immunotherapy, and additional apoptosis-inducing therapies is accelerating as
well and it is highly likely that these approaches will also take their place in the
hematologist’s armamentarium in the near future. In this chapter, we will sum-
marize current as well as emerging therapeutic approaches in AML.

4.1.1 Case 1

A 73-year-old previously healthy male presented with fatigue and was noted to have a
white blood count of 33,000/µL hemoglobin of 7.9g/dL, and platelet count of 56,000/µL.
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A bone marrow biopsy showed normal karyotype AML, and limited molecular testing done
was significant for a wild-type FLT3 and the presence of a 4-bp insertion in the NPM1
gene. He was induced with daunorubicin 60 mg/m2 for 3 days and cytarabine 200 mg/m2

for 7 days and achieved complete remission and was subsequently consolidated with three
cycles of high-dose cytarabine dosed at 2 gm/m2 for 6 doses in each cycle, the last of which
was complicated by a perirectal abscess requiring incision and drainage.

4.2 Induction Therapy

Induction therapy in AML for fit patients has traditionally consisted of three daily
doses of an anthracycline (typically either daunorubicin or idarubicin) in con-
junction with infusional cytarabine given for 7 days, a combination that is com-
monly termed 7 + 3. Either daunorubicin or idarubicin can be given, and while
earlier data suggested improved clinical efficacy with a daunorubicin dose of
90 mg/m2 as opposed to 45 or 60 mg/m2, a more recent randomized trial showed
that there was no benefit in the 90 mg/m2 dose versus 60 mg/m2 except potentially
in the subgroup of patients whose disease harbored a FLT3-ITD abnormality [1, 2].
With this approach, CR rates are in the 70% range but vary according to molecular
and cytogenetic risk stratification. This approach is, however, associated with
significant toxicity with prolonged periods of pancytopenia being the rule, and the
risk of early mortality approaches 10% [3]. Of note, the definition of fitness is a
subjective one and incorporates age, performance status, and other medical
comorbidities, especially cardiac comorbidities that would potentially be pro-
hibitive for anthracycline administration, but is ultimately at the discretion of the
treating physician [4].

Other variations of intensive induction built on the backbone of 7 + 3 exist as
well; 7 + 3 in conjunction with five daily doses of cladribine 5 mg/m2 was studied
in a randomized trial against 7 + 3 by Holowiecki et al. and found to associated
with a higher CR rate and increased OS; however, this trial was criticized for an
abnormally low CR rate in the control arm (56%) and lack of an early bone marrow
aspirate 1-week post-induction to help guide the decision for the second round of
induction therapy [5]. The CD33-directed antibody–drug conjugate (ADC) gem-
tuzumab ozogamicin (GO, Mylotarg ®) was approved for adults with newly
diagnosed CD33-expressing AML on the basis of the ALFA-0701 trial combining
administration of GO 3 mg/m2 on days 1, 4, and 7 with 7 + 3. -Two year
event-free survival was improved with the administration of GO (40.8 vs. 17.1%),
although there was not a statistically significant improvement in OS [6]. A large
meta-analysis of 3325 patients who received GO with induction therapy showed an
improved OS at 5 years and suggested that patients with favorable risk cytogenetics
derived the most benefit, but patients with intermediate-risk cytogenetic abnor-
malities also enjoyed improved OS as well while patients with adverse cytogenetics
did not benefit [7]. Of note, 5% of patients receiving GO in ALFA-0701 subse-
quently developed veno-occlusive disease [6], an important consideration in
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patients for whom alloSCT is being contemplated. Finally, the addition of the small
molecular tyrosine kinase inhibitor midostaurin (Rydapt®) on days 8–21 after
standard induction and consolidation is approved for patients with newly diagnosed
AML which harbors either a FLT3 internal tandem duplication (FLT3-ITD) or
FLT3-tyrosine kinase domain (FLT3-TKD) mutation on the basis of a randomized
phase 3 trial that showed improvement in both EFS and OS seen with the addition
of midostaurin (Rydapt®) [8].

Apart from 7 + 3, CPX-351 (Vyxeos ®), a liposomal formulation of cytarabine
and daunorubicin in a fixed 5:1 ratio, was approved as a single agent for induction
therapy of AML in adults older than 60 years with high risk or secondary AML on
the basis of an open-label randomized trial where it was evaluated against 7 + 3.[9]
High risk or secondary AML was specifically defined as therapy-related AML and
AML with myelodysplastic related changes (AML with antecedent myelodysplastic
syndrome (MDS), AML with 50% or more dysplastic cells in at least two cell lines,
and AML with MDS-related cytogenetic abnormalities). The median OS and CR
rate were higher with CPX-351 as opposed to 7 + 3, while early mortality and
overall safety were comparable despite more protracted count recovery with
CPX-351. Furthermore, CPX-351 appears to be an effective bridge to subsequent
alloSCT as well [10].

For the patient presented in Case 1 above, the decision was made by the treating
physician to administer 7 + 3 based on his excellent performance status and
favorable risk profile (normal cytogenetics with wild type FLT3 status and mutated
NPM1) despite his advanced age in order to give him the benefit of potentially
curative therapy. However, it must be mentioned that in actual clinical practice the
vast majority of patients at his age would not be candidates for intensive
chemotherapy by virtue of comorbidities as well as adverse leukemia genetics and
would be best served by lower intensity approaches discussed below.

4.2.1 Induction Therapy for Unfit Patients

For the unfit patient, although a number of options in the frontline setting still
existed, until recently the available options yielded low response rates. Although
these patients are generally incurable, a hypomethylating agent (HMA) such as
decitabine or 5-azacytidine or low-dose chemotherapy were the treatments that
were commonly used. Single-agent decitabine given for a 5-day course at
20 mg/m2 every 28 days compared to physician’s choice of low-dose cytarabine or
supportive care was associated with a trend towards improved OS on the primary
analysis with similar safety; notably, the CR/CRp rate was 18.8% with decitabine
[11]. A 10-day course of decitabine at the same dose of 20 mg/m2 appears to be
associated with higher response rates albeit not in a randomized trial [12] and seems
to be particularly effective in patients whose AML harbors a TP53 mutation [13].
Another treatment option includes single-agent GO, which showed a very modest
OS advantage of 1.3 months compared to best supportive care in elderly patients in
the EORTC-GIMEMA AML19 trial [14]. Additionally, the hedgehog inhibitor,
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glasdegib in combination with low dose cytarabine is approved for elderly patients
(age � 75 years) with newly diagnosed AML unsuitable for intensive
chemotherapy based on the phase 2 BRIGHT AML 1003 trial, which demonstrated
higher response rates (CR/CRi rate: 17 vs. 2%, p < 0.05) and prolonged survival
(median OS: 8.8 vs. 4.9 months, p = 0.0004) with the combination when compared
to low-dose cytarabine alone [15].

More recently, the outlook for the frail, older, and unfit patients has markedly
improved with the approval of HMA in combination with venetoclax for this
population. The combination of HMA with venetoclax, an orally bioavailable,
selective BCL-2 inhibitor, has been found to be very active for newly diagnosed
AML in elderly and unfit patients with a CR/CRi rate of 67% and a median duration
of response of 11.3 months. Moreover, the results showed CR/CRi of 60% and
65% in poor cytogenetics and elderly (>75 yrs old), respectively [16]. The com-
bination of HMA with venetoclax is well tolerated and lacks significant organ
toxicity except for the major side effect of cytopenia. Venetoclax dosing requires
adjustment when given concomitantly with CYP3A4-inhibiting antifungals (e.g.,
posaconazole and voriconazole) [17]. The combination of low dose Ara-C and
venetoclax similarly demonstrated a high rates CR/CRi of 54% with a median
survival of 10.1 months in a phase 1/2 trial of untreated patients 60 years or older
ineligible for intensive chemotherapy [18]. Although both regimens are approved
for the treatment of newly diagnosed AML for patients over 75 years of age or unfit
for conventional induction chemotherapy, only venetoclax in combination with
HMA led to significantly longer survival in phase 3 trials and is considered the
preferred regimen for previously untreated patients unfit for intensive chemotherapy
[19, 20].

4.3 Post-Remission Consolidation

Post-remission therapy of AML typically consists of either consolidation
chemotherapy or allogeneic stem cell transplantation (alloSCT). In general,
alloSCT reduces the rate of relapse but at the cost of increased toxicity and
treatment-related mortality. Patients with favorable risk disease by the 2017
European Leukemia Net guidelines generally do not proceed to alloSCT, while in
the first CR given the significant curative potential of consolidation chemotherapy
alone [21], while strong consideration should be made for consolidative alloSCT in
all other patients who are physically fit and have a donor [22]. High-dose cytarabine
(HIDAC) is the most common consolidation regimen and is usually given for 3–4
cycles; a cytarabine dose of 3 gm/m2 twice daily on days 1, 3, and 5 was shown to
be superior to cytarabine dosed at 100 and 400 mg/m2 for five consecutive days
[23], and patients over 60 typically receive a dose reduction to 2 gm/m2 due to
significant toxicity. If alloSCT is to be considered and a donor is available, it should
be done without delay as there does not appear to be any benefit derived from
further consolidation chemotherapy with HIDAC after achieving an initial
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remission [24, 25]. There may be an advantage to myeloablative conditioning in
patients who are able to tolerate a more intense approach [26]. The use of HMA
with venetoclax by virtue of its quick response and high CR rate would be expected
to permit more older patients, particularly in the 60–75 age range to undergo
potential curative reduced-intensity alloSCT.

4.3.1 Case 1 (Continued)

Approximately 18 months after his final cycle of consolidation with high-dose cytarabine,
he developed pancytopenia, and a bone marrow biopsy confirmed relapsed AML. Com-
prehensive molecular testing now showed a persistent NPM1 mutation without a con-
comitant FLT3 abnormality, but an IDH1 R132H mutation was also identified; IDH1 and
IDH2 mutation testing was not performed at the time of his initial diagnosis. He was treated
with the oral IDH1 inhibitor ivosidenib (AG-120) as monotherapy on a clinical protocol.
One month after commencing therapy, he remained with 14% circulating blasts and a bone
marrow biopsy showed 35% blasts, but he cleared his peripheral blasts in the subsequent
month, and a bone marrow biopsy performed after 2 months of therapy confirmed complete
remission with persistent mild pancytopenia, and he had full count recovery one month
later.

4.4 Relapsed/Refractory Disease

With the rapid development of targeted therapies, there are more options available
for such patients besides salvage with conventional cytotoxic chemotherapy which
is associated with low response rates and significant toxicity. However, any final
therapeutic decision must take into account the patient’s clinical status (i.e., age,
performance status, transplant candidacy, duration of first remission) as well as the
disease biology and in particular the presence or absence of actionable mutations. In
general, for r/r AML the only potentially curative option is alloSCT, ideally per-
formed after morphologic remission is achieved.

A number of intensive reinduction regimens with cytotoxic chemotherapy have
been used in r/r AML including fludarabine, cytarabine, G-CSF (FLAG), mitox-
antrone, etoposide, and cytarabine (MEC), and high-dose cytarabine (HIDAC) [27–
29]. There are no data to specifically recommend one over another, and toxicity is
significant. As these regimens are not curative without subsequent alloSCT, the
general goal of intensive reinduction is to serve as a bridge for the fit patient to
undergo alloSCT.

Approximately 20% of patients with AML will have a mutation in either isoc-
itrate dehydrogenase-1 (IDH1) or isocitrate dehydrogenase-2 (IDH2). These
mutations result in an aberrant reduction of alpha-ketoglutarate to
2-hydroxyglutarate, the latter being an abnormal oncometabolite that leads to
abnormal DNA methylation [30]. The IDH2 inhibitor enasidenib (Idhifa®) was
approved in 2017 as single-agent therapy for patients with IDH2-mutated AML on
the basis of a phase 1/2 trial showing an overall response rate (ORR) of 40% and
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median response duration of 5.8 months and OS of 9.3 months; the CR rate was
19.3% and in patients who achieved CR, OS was 19.7 months. 44% of patients
experienced a grade 3–4 treatment-related adverse events, most commonly hyper-
bilirubinemia (12%), hematologic adverse events (10%), and differentiation syn-
drome (6%) [31]. Subsequently, the IDH1 inhibitor ivosidenib (Tibsovo®) was
approved in 2018 for patients with IDH1-mutated AML on the basis of a phase 1
trial of 258 patients; ORR was 41.6%, median response duration was 8.2 months,
and overall survival was 8.8 months. Among the patients who achieved CR,
slightly more than half were alive at 18 months (50.1%). Among them, 20.7% of
patients had a grade 3–4 treatment-related adverse events, most commonly QT
interval prolongation (7.8%) and differentiation syndrome (3.9%) [32]. At present,
there are no published randomized data comparing IDH1 or IDH2 inhibitors to
conventional chemotherapy, and the decision of optimal therapy for the patient with
r/r AML carrying an IDH1 or IDH2 mutation must take into account physical
fitness, candidacy for allo-HCT, and prior response to induction chemotherapy.

Finally, hypomethylating agents alone have been used in the r/r setting, but data
have primarily been in the form of single-center retrospective studies. Results from
a larger multicenter retrospective study of 655 patients were recently reported with
a CR/CRi rate of 16.3% and median OS of 6.7 months; patients achieving a
CR/CRi had a median OS of 21 months. A higher blast percentage portended worse
survival, but there was no clear association of cytogenetics, WBC at relapse, or age
with clinical outcomes [33].

4.4.1 Case 1 (Continued)

He relapsed again 16 months after starting the AG-120 and was then treated with decitabine
20 mg/m2 for 5 consecutive days in conjunction with venetoclax 400 mg p.o. daily. He
developed neutropenic fever shortly after starting therapy, but he then recovered his counts
rapidly and was found to be in remission after his first cycle. He continues to be treated with
decitabine and venetoclax every 28 days and remains in remission at this time, 5 months
after starting this therapy.

4.5 FLT3-Mutated AML

4.5.1 Case 2

A 70-year-old male with a history of treated colon and renal cancer was found having a
white blood count of 27000/µL, hemoglobin of 8.1 g/dL, and platelet of 146,000/µL.
A bone marrow biopsy showed AML with monocytic differentiation, cytogenetic analysis
showed 46,XY,t(10;11), and molecular testing revealed FLT3-ITD. He was induced with
idarubicin and cytarabine (7+3) in combination with midostaurin on days 8–21. Induction
was complicated by neutropenic fever.
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The cytokine receptor tyrosine kinase, FMS-like tyrosine kinase 3 (FLT3) is the
most commonly mutated gene in AML, occurring in approximately 30% of newly
diagnosed patients younger than 65 years [34]. Activating mutations of the FLT3
gene occur as in-frame internal tandem duplications (ITD) of between 3 andmore than
100 amino acids located in the juxtamembrane region or as missense point mutations
in the tyrosine kinase domain (TKD). Of the two classes of mutations, FLT3 internal
tandem duplications (ITD) are more troublesome, being associated with an increased
risk of relapse and subsequently death after transplantation [35, 36]. An elevated
white blood cell count at diagnosis is characteristic of FLT3-ITD mutant AML
and *30% of patients presenting with hyperleukocytosis (WBC > 50 � 109/L)
harbor the abnormality [37]. The mutation burden or allelic ratio of mutant FLT3-ITD
to wild type correlates with disease burden and an allelic ratio > 0.5 increases relapse
risk after transplantation [21, 38, 39]. Additionally, longer FLT3-ITD duplications
confer resistance to chemotherapy and decreased survival [38, 40, 41]. Over the past
20 years, significant strides have been in the development of effective FLT3 targeting
therapy. First-generation inhibitors, such asmidostaurin, lestaurtinib, and sunitnib are
less selective, inhibiting FLT3 as well as many other kinases, and have demonstrated
modest efficacy in clinical studies [42–44]. However, combinations of FLT3 inhi-
bitors with chemotherapy have the potential to induce deeper remissions than
induction chemotherapy alone. In the seminal phase 3 RATIFY study, patients ran-
domized to treatment with the addition of the multitargeted kinase inhibitor,
midostaurin to standard induction and consolidation chemotherapy and maintenance
had significantly longer median survival (74.7 months vs. 25.6 months, HR = 0.78,
p = 0.009) and event-free survival (8.2 months vs. 3 months, HR 0.78, p = 0.002)
when compared to patients treated with placebo [8]. A subsequent phase 2 study by
the German-Austrian AML Study Group (AMLSG 16–10) showed that midostaurin
maintenance prolonged event-free survival in all groups (transplant and
non-transplant) as well as in the elderly population [45].

4.5.2 Case 2 (Continued)

Bone marrow biopsy on day28 after initiation of chemotherapy showed persistent disease
with 14% myeloid blasts in the marrow and molecular testing again revealed
FLT3-ITD mutation. He was treated with gilteritinib and had a partial response with a
decrease in bone marrow blasts to 6% which lasted for 2 months. The patient subsequently
developed progression of his disease and acheived a CR after treatment with HMA
+Venetoclax.

After progression on intensive induction chemotherapy and midostaurin, patients
remain eligible for other FLT3 targeting therapy. Second-generation inhibitors,
including gilteritinib, crenolanib, and quizartinib are more selective and potent
inhibitors of FLT3. FLT3 inhibitors are further classified by the site of binding on
the FLT3 protein. Whereas type 1 inhibitors (e.g., midostaurin, gilteritinib, and
crenolanib) bind to the ATP binding site in the active pocket of the enzyme, type II
inhibitors (e.g., sorafenib and quizartinib) bind to a hydrophobic pocket adjacent to
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the ATP-binding site when the protein is in its inactive conformation [34, 46]. The
distinction is relevant because activating mutations in the FLT3 kinase domain or
gatekeeper residue lock the protein in an active confirmation or directly disrupt the
hydrophobic binding site to confer resistance to type II inhibitors [34, 47, 48]. As a
result, the type II inhibitor, quizartinib induces responses primarily in patients with
FLT3-ITD mutations rather than FLT3 TKD-mutated patients. In a phase 3 study,
patients with R/R AML with FLT3-ITD mutations randomized to quizartinib had
longer survival (median OS: 6.2 months vs. 4.7 months, p = 0.02) and were more
likely to proceed to alloSCT (32 vs. 11%), when compared to patients receiving
salvage chemotherapy [49]. However, treatment with quizartinib is limited by the
frequent emergence of resistance-conferring FLT3 TKD mutations at the time of
relapse [48]. Crenolanib is a promising pan FLT3 (ITD and TKD) inhibitor that led
to responses in 47% and a median survival of 19 weeks for patients with R/R AML
with FLT3 ITD or TKD mutations in a phase 2 study and phase 3 studies are
ongoing. Gilteritinib is an oral highly potent pan-FLT3 inhibitor and the only
FLT3 inhibitor currently approved for patients with R/R AML harboring FLT3
mutations. Approval was based on the seminal phase 3 ADMIRAL trial, which
demonstrated higher complete remission rates with full or partial hematologic
recovery (34 vs. 15%), prolonged survival (median OS: 9.3 months vs. 5.6 months,
p < 0.001), and a higher rate of alloSCT (26 vs. 15%) among patients with FLT3-
mutated R/R AML randomized to gilteritinib when compared to salvage
chemotherapy. However, most patients responding to the type I inhibitors, gilteri-
tinib, and crenolanib inevitably relapse with resistance most frequently arising due
to the acquisition of RAS signaling pathway mutations [50, 51].

The combination of venetoclax with hypomethylating agents or low-dose
cytarabine also has demonstrated activity in the relapsed or refractory setting and
is currently the regimen of choice in many patients regardless of mutation status.
Complete remissions when achieved occur quickly, mostly after 1 cycle and could
allow more patients to proceed to potentially curative alloSCT. The excellent toler-
ability of this regimen, lack of organ toxicity are added advantages, particularly in
alloSCT candidates. Evidence of efficacy is limited to mostly retrospective studies,
however, a meta-analysis of seven studies demonstrated a composite ORR of 39%
and CR/CRi rate of 33% for venetoclax combinations [52]. Despite many patients
achieving a deep and durable remission with venetoclax-based regimens, primary and
secondary resistance is known to occur through the acquisition of FLT3, RAS, or
TP53mutations as well as other mechanisms [53]. In contrast, the presence ofNPM1
or IDHmutations is associated with increased responses to venetoclax regimens [53].

4.6 Other Novel Targeted Therapies

Menin Inhibitors (SNDX-5613 and MI-3454) Rearrangement of the lysine
methyltransferase 2A (KMT2A) gene, previously known as mixed-lineage leukemia
(MLL) occur in 5–10% of adult acute leukemias and 70% of therapy-related AML,
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particularly following treatment with topoisomerase II inhibitors, and is associated
with a poor prognosis [54, 55]. Menin is a scaffolding protein that functions as an
essential cofactor of transcription factors such as NPM1 and chromatin regulators
such as KMT2A [54]. Menin inhibitors block the binding of menin to KMT2A fusion
proteins in KMT2A rearranged leukemias to induce differentiation and apoptosis
[56]. Menin inhibitors are also active in NPM1-mutated AML, where they reverse
aberrant gene expressionmediated byHOX genes andMEIS1 [57, 58]. A phase 1 trial
with the menin inhibitor SNDX-5613 and MI-3454 is currently underway.

APR-246 In AML, inactivating mutations in the TP53 gene occur in 7–18% of
patients with newly diagnosed AML and are associated with poor outcomes, par-
ticularly in patients with other poor prognostic features including complex kary-
otype and therapy-related disease [59–61]. APR-246 is a prodrug that is converted
to the Michael acceptor methylene quinuclidinone, which covalently binds cysteine
residues on mutated p53, leading to refolding and restoration of p53 function [62,
63]. In a phase 2 study of APR-246 in combination with azacitidine in patients with
TP53-mutant MDS and AML, 75% responded and 56% achieved a CR with seven
out of nine patients achieving a complete cytogenetic CR and clearance of TP53
mutations [64]. A phase 3 trial with the combination is currently ongoing.

4.7 Antibody-Based Therapies and Immunotherapies

4.7.1 Antibody-Based Therapy

BiTEs (Bispecific T-cell engagers) simultaneously bind antigens on leukemic cells
and CD3 + T cells, allowing for recognition and elimination by cytotoxic T lym-
phocytes. The development of BiTEs in AML has been spurred by the success of
the CD19/CD3 BiTE blinatumomab, which is approved for R/R ALL and ALL
with minimal residual disease [65, 66].

AMG 330 (CD33/CD3 BiTE) and AMG 427 (FLT3/CD3 BiTE) are bispecific T
cell engager that bind CD33 or FLT3 on myeloid blasts and CD3 on T cells.
Preliminary results from a phase 1 study of unselected patients with R/R AML
showed promising response rates after treatment with AMG 330 of 19%. Similar to
other BiTEs, a reversible cytokine release syndrome was a common adverse event,
occurring in 67% of patients treated in the phase 1 study [67]. IMGN 632 is an
antibody–drug conjugate consisting of a CD123 antibody linked to a
DNA-alkylating indolino-benzodiazepine dimer (IGN) via a protease cleavable
linker [68]. CD123 is highly expressed on leukemic stem cells capable of initiating
and maintaining AML [69, 70]. In a phase 1 study of patients with CD123 + R/R
AML, IMGN 632 led to responses in 20% of patients, and responses were enriched
among patients with adverse risk disease (62% of responding patients) and primary
induction failure (23% of responding patients). Dose-limiting toxicities included
reversible veno-occlusive disease (n = 2) and prolonged neutropenia (n = 1) [71].
A phase 1b/2 study evaluating IMGN alone and in combination with venetoclax in
CD123 + AML is currently underway [72].
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Flotetuzumab is a bispecific dual-affinity re-targeting (DART) antibody-based
molecule that binds CD3 on T-cells and CD123 on leukemic stem cells. Treatment
with flotetuzumab in a phase 1 stuty of R/R AML led to an ORR of 24% and a
CR/CRh rate of 18% but demonstrated higher responses among patients with pri-
mary induction failure and early relapse (ORR 30% and CR/CRh 27%) [73].
Biomarker analysis demonstrated that achievement of complete response correlated
with higher levels of immune infiltration and expression of immune-related genes.
Both CD123 expression and immune infiltration were higher in patients with pri-
mary induction failure and early relapse when compared to late relapsing patients
[73].

Cusatuzumab is a monoclonal antibody targeting CD70 that induces
antibody-dependent cell-mediated cytotoxicity to eradicate leukemic stem cells.
Upregulation of CD70 after treatment with hypomethylating agents and subsequent
cell-autonomous CD70/CD27 signaling triggers symmetric cell division and

Table 4.1 2017 ELN risk stratification by genetics

Risk
category*

Genetic abnormality

Favorable t(8;21)(q22;q22.1); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow†
Biallelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITDhigh†
Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow† (without
adverse-risk genetic lesions)
t(9;11) (p21.3;q23.3); MLLT3-KMT2A‡Cytogenetic abnormalities not
classified as favorable or adverse

Adverse t(6;9)(p23;q34.1); DEK-NUP214t(v;11q23.3); KMT2A rearranged
t(9;22)(q34.1;q11.2); BCR-ABL1
inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1)–5 or del
(5q); –7; –17/abn(17p)Complex karyotype,§ monosomal karyotype||
Wild-type NPM1 and FLT3-ITDhigh†
Mutated RUNX1{
Mutated ASXL1{
Mutated TP53#

†Low, low allelic ratio (,0.5); high, high allelic ratio ($0.5) by semiquantitative assessment of
FLT3-ITD allelic ratio
‡The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene
mutations
§Three or more unrelated chromosome abnormalities in the absence of 1 of the WHO-designated
recurring translocations or inversions, that is, t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23.3),
t(6;9), inv(3) or t(3;3); AML with BCR-ABL1
||Defined by the presence of 1 single monosomy (excluding loss of X or Y) in association with at
least 1 additional monosomy or structural chromosome abnormality (excluding core-binding factor
AML)
{These markers should not be used as an adverse prognostic marker if they co-occur with
favorable-risk AML subtypes
Adapted from Dohner et al. Blood 2017; 129: 424–47
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proliferation of leukemic stem cells [74]. In a phase 1 study of previously untreated
elderly patients with AML, Cusatuzumab in combination with azacytidine induced
CR/CRi in ten out of twelve patients [75]. The phase 2 CULMINATE trial is
currently underway.

Magrolimab (Hu5F9-G4) is a humanized IgG4 targeting CD47 in order to
enable phagocytosis of MDS or AML cells. CD47 is a transmembrane protein that
functions as an anti-phagocytic or “do not eat me” signal by binding the inhibitory
receptor signal-regulatory protein alpha (SIRPa) on macrophages [76]. In a phase
Ib study of patients with untreated very high-risk MDS or AML patients unfit for
chemotherapy, the ORR was 64% and the CR rate was 40%. Among patients with
TP53-mutated AML, the CR + CRi rate was 75 with 50% of responders achieving
MRD negativity by flow cytometry [77].

4.8 Chimeric Antigen Receptor (CAR) Modified Cellular
Therapy

Chimeric antigen receptors (CAR) are engineered extracellular receptors joined to
intracellular signaling domains that reprogram immune cells for therapeutic pur-
poses [78, 79]. Significant progress was made with second-generation CARs, which
included CD28 or 41BB-costimulatory domains to enable effective immune
responses [79]. CAR therapy targeting CD19 has demonstrated marked activity in
B-cell malignancies, resulting in approval of tisagenlecleucel (Kymriah) for pedi-
atric B-ALL that is refractory or in second or later relapse and axicabtagene cilo-
leucel (Yescarta) in large B-cell lymphomas after 2 or more lines of systemic
therapy [80, 81]. In AML, the ideal CAR target that is highly expressed in myeloid
blasts and spares normal myeloid progenitor cells and vital tissues has not yet been
identified [82]. It appears that CD33 and CD123 are attractive CAR targets
although these antigens are expressed in both malignant and healthy cells [83, 84].
Since CD123 is expressed on both leukemia-initiating cells as well as on the healthy
stem and progenitor cells, marrow aplasia a possibility with such approaches that
may necessitate alloSCT to restore hematopoiesis [85]. An alternative approach
currently in clinical development is the use of genetically modified donor allografts
that lack expression of CAR targets (e.g., CD33), followed by administration of
anti-CD33 CARs after transplantation [86]. The persistence of CARs
post-transplant enables immune surveillance and memory to promote sustained
remission. Toxicities of current CAR therapies particularly cytokine release syn-
drome and neurotoxicity are challenges in AML where the majority of relapsed
patients are older and have comorbidities (Table 4.1).
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5.1 Case 1

5.1.1 Newly Diagnosed T-Cell Acute Lymphoblastic
Leukemia (T-ALL)

A 29-year-old man presents to the emergency room with chest pain, cough, and
fever. He was found to have a white blood cell count of 95,000/µl with 85% blasts.
His uric acid was 9.1 mg/dL. A chest X-ray demonstrated a large anterior medi-
astinal mass. He was diagnosed with T-ALL by peripheral blood morphology and
flow cytometry. Leukemia blasts had normal karyotype and a lumbar puncture
showed CNS1—no identifiable leukemia cells. He developed tumor lysis syndrome
shortly after initiation of induction chemotherapy that was successfully managed by
hydration, diuretics, and rasburicase. An end of induction bone marrow evaluation
demonstrated complete remission (CR), but minimal residual disease (MRD) was
0.5% by multi-color flow cytometry. He wanted to know if an allogeneic
hematopoietic stem cell transplant (allo-HCT) was necessary.

5.1.2 Discussion

Clinical presentation and diagnostic workup. T-ALL is a very aggressive leu-
kemia that generally presents with a large tumor burden including leukocytosis and
a large mediastinal mass. Some patients can develop tumor lysis syndrome at
presentation [1]. A large mediastinal mass can cause obstruction and compression
of vital mediastinal structures, leading to respiratory and hemodynamic compromise
[2]. Therefore, it is important to recognize the signs and symptoms for early
intervention. The diagnosis of T-ALL is made by morphology, immunopheno-
typing, and cytogenetic analysis of leukemia blasts. The leukemic blasts typically
express CD3, TdT, and variable levels of CD1a, CD2, CD5, and CD7 [3]. A dis-
tinct subtype of T-ALL, called early T-cell precursor ALL (ETP-ALL), accounts for
7.4% of adult T-ALL. It is characterized by a unique immunophenotype cCD3+,
sCD3−, CD1a−, CD2+, CD5−(dim), and positive for one or more stem
cell/myeloid markers [4]. ETP-ALL is associated with a higher level of
post-induction MRD and induction failure rate, leading to the poor long-term
outcome if patients have received suboptimal therapy [5–9]. Many chromosomal
translocations and genetic alterations have been identified in T-ALL. However,
unlike with B-cell acute lymphoblastic leukemia (B-ALL), the prognostic signifi-
cance of such changes in the context of modern MRD-guided risk-stratified
chemotherapy remains unclear [8]. Compared to patients with B-ALL, patients with
T-ALL are more likely to have CNS involvement at diagnosis (4.4 vs. 9.6%) [1].
Lumbar puncture and intrathecal chemotherapy are usually performed prior to the
initiation of systemic chemotherapy as part of the diagnostic workup.
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Treatment approaches. Several retrospective studies have demonstrated favorable
outcomes of adolescents and young adults (AYA) with ALL when treated with a
“pediatric-inspired” regimen [10]. The favorable result is seen in both B- and
T-ALL [11–13]. The results of a prospective US cooperative group trial CALBG
10403 were reported utilizing an intensive pediatric regimen to treat AYA patients
(17–39 years) [14]. The patients enrolled on this trial had a median event-free
survival (EFS) of 78.1 months, significantly longer than the historical control of
30 months. The 3-year EFS was 59% and the estimated 3-year overall survival
(OS) was 73%. Seventy-one T-ALL patients were included in this study and there
was no significant difference in EFS and OS between patients with B- vs T-ALL.
Only 20 of 263 patients received allo-HCT in CR1, suggesting that the excellent
outcome was largely the result of chemotherapy. The pediatric inspired regimen
consists of a 2–3 year multi-agent chemotherapy plan, usually including induction,
consolidation, interim maintenance, delayed intensification, and maintenance. The
most significant predictor of outcome in pediatric patients is end-of-consolidation
MRD and treatment allocation is based on the MRD response [15–17]. Allo-HCT is
not routinely used in pediatric patients but is considered for patients with induction
failure or end-of-consolidation MRD � 0.1% [8]. This response-based therapy is
successful in the majority of patients, including patients with ETP-ALL [5–9]. The
approaches to CNS-directed therapy vary. However, increasing data supports
optimizing systemic chemotherapy in combination with intrathecal therapy, and
cranial radiation can be successfully avoided in most patients [7, 18].

5.1.3 Recent Clinical Observations in Pediatrics

(1) Dexamethasone versus prednisone during induction. Both dexamethasone and
prednisone have been used in the induction regimens for ALL. Dexamethasone has
greater potency and CNS penetration, which is appealing in T-ALL. However,
higher rates of infection and increased risk of avascular necrosis have been
observed in dexamethasone-based regimens [19]. Several recent studies supported
the use of dexamethasone in T-ALL [20–22]. In the AEIOP-BFM-2000 trial,
patients were randomized to receive dexamethasone or prednisone during induction
[23]. In good response T-ALL patients, dexamethasone resulted in a reduction of
relapse from 17 to 7%, a significant improvement of EFS (dexamethasone 87.8%
vs. prednisone 79.2%), and OS (dexamethasone 91.4% vs. prednisone 82.6%).
However, higher toxicity and treatment-related mortality were observed in older
patients.

(2) Escalating methotrexate (MTX) with asparaginase was superior to high-dose
(HD) MTX in T-ALL. HD-MTX (5 g/m2/dose) has demonstrated improved out-
comes in high-risk B-ALL in children [24]. To investigate the efficacy of HD-MTX
in T-ALL, the Children’s Oncology Group (COG) AALL0434 trial randomized
T-ALL patients (1–31 years) to receive HD-MTX versus Capizzi-style escalating
MTX with 2 doses of PEG-asparaginase during interim maintenance [16]. Patients
receiving the escalating MTX regimen demonstrated improved 4-year EFS of 92.5
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versus 86.1% in HD-MTX group. The improved EFS was due to the reduction of
marrow and CNS relapse.

(3) Nelarabine improved disease-free survival (DFS) in T-ALL. Nelarabine is a
pro-drug of Ara-G that has been approved by the FDA to treat relapsed/refractory
T-ALL [25, 26]. To evaluate the efficacy in newly diagnosed patients, the inter-
mediate and high-risk patients enrolled on COG AALL0434 were randomized to
receive nelarabine during consolidation, delayed intensification, and maintenance
[16]. Patients receiving nelarabine demonstrated a superior 4-year DFS (88.9 vs.
83.3%) compared to those randomized without nelarabine [27]. The overall toxicity
was acceptable and not significantly different between both arms.

Unsolved questions in adult patients. In pediatric studies, higher toxicities were
observed with increasing age. Adult patients demonstrated more toxicities related to
asparaginase, an important component of pediatric regimens. CALGB 10403 (uti-
lizing prednisone and escalating dose MTX) demonstrated a tolerable safety profile
in patients <40 years of age with an overall 3% (n = 8) treatment-related mortality
and only two post-remission deaths [14]. However, there is uncertainty regarding
the upper age limit for adults using a “pediatric-inspired” regimen. Some studies
have demonstrated safe adaptation of a “pediatric-inspired” regimen in adult
patients up to age 50–60 years of age [28, 29]. How to safely incorporate the new
pediatric study results to treat adult patients remains unclear.

5.2 Case 2

5.2.1 Philadelphia Chromosome-Negative (Ph-Negative)
B-Cell Acute Lymphoblastic Leukemia (B-ALL)

A 26-year-old man with no prior medical history presents to his primary care
physician with symptoms of weakness, fatigue, loss of appetite, and a 10-lb weight
loss over approximately four weeks. Initial workup included a CBC which showed
a platelet count of 57,000/uL, hemoglobin 7.8 g/dL and a white blood cell count of
97,000/uL with 48% blasts. Subsequent workup with a diagnostic bone marrow
biopsy showed 80% cellularity with 90% blasts. The blasts were positive for CD10,
CD19, CD20, CD22, CD34, CD79a, and HLA-DR. They were negative for cCD3
and myeloperoxidase. Cytogenetics showed 46,XY t(4;11). BCR-ABL transloca-
tion was not identified. He was diagnosed with Ph-negative precursor B-ALL.

5.2.2 Which Treatment Regimen Should Be Used?

There is no standard treatment regimen for Ph-negative B-ALL. Many regimens are
adapted from pediatric regimens and use a combination of an anthracycline, a
corticosteroid, and vincristine. Cyclophosphamide, cytarabine, and asparaginase
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may also be included. A summary of the most commonly used regimens is provided
in Table 5.1. These regimens have not been directly compared in prospective
clinical trials and thus it is not known if one regimen provides superior outcomes to
others. When possible, a pediatric-inspired regimen should be used as they have
collectively been shown to provide better outcomes than adult regimens. In one
meta-analysis of 11 trials treating adolescents and young adults (AYA) pa-
tients aged 16–39 years, those treated with pediatric-inspired regimens had a sig-
nificant reduction in all-cause mortality (RR 0.59, 95% CI 0.52–0.66) and relapse
rate (RR 0.51, 95% CI 0.39–0.66, I2 = 54%) as well as significant improvements in
CR rate (RR 1.05, 95% CI 1.01–1.10, I2 = 55%) and EFS (RR 1.66, 95% CI 1.39–
1.99, I2 = 61%) when compared to patients treated with conventional adult regi-
mens [102]. Given the high propensity for CNS involvement, early and frequent
CNS prophylaxis should also be incorporated into treatment. As this patient belongs
to the AYA age group and has no medical comorbidities, he should be treated with
a pediatric-inspired induction regimen.

Philadelphia chromosome-like (Ph-like) ALL is a subtype of ALL that has a
gene expression profile similar to Philadelphia chromosome-positive (Ph-positive)

Table 5.1 Commonly used ALL treatment regimens. DFS = median disease-free survival,
EFS = median event-free survival, OS = median overall survival, CR = complete remission

Regimen (year) Patients Age
range
(median)

DFS
(follow-up)

EFS
(follow-up)

OS
(follow-up)

CR

CALGB 10403 (2019)
[14]

295 17–39
(24)

48%
(36 months)

59%
(36 months)

73%
(36 months)

89%

Dana Farber Cancer
Institute (DFCI) (2015)
[52]

92 18–50
(28)

69%
(48 months)

58%
(48 months)

67%
(48 months)

85%

GRAALL-2003 (2009)
[28]

225 15–60
(31)

59% 55%
(42 months)

60%
(42 months)

93.5%

GRAALL-2005 (2018)
[53]

787 18–59
(36.1)

– 52.2%
(60 months)

58.5%
(60 months)

91.9%

PETHEMA ALL-96
(2008) [54]

81 15–30
(20)

– 61%
(72 months)

69%
(72 months)

98%

Hyper-CVAD (2000)
[55]

204 16–79
(39.5)

– – 39%
(60 months)

91%

USC ALL (2014) [29] 51 18–57
(32)

58%
(84 months)

– 51%
(84 months)

96%

Linker (2002) [56] 84 16–59
(27)

54%
(60 months)

48%
(60 months)

47%
(60 months)

93%

CALGB 8811 (1995)
[57]

197 16–80
(32)

– – 50%
(36 months)

85%

MRC
UKALLXII/ECOG
2993 (2005) [58]

1521 15–59
(–)

– – 38%
(60 months)

91%
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ALL but lacks the BCR-ABL1 gene fusion that defines Ph-positive ALL (see
Chap. 2 for the biology of Ph-like ALL). It occurs in approximately 20–30% of
adult patients and is associated with poor outcomes [14, 103, 104]. In the CALGB
10403 study, estimated 3-year EFS was 42% (95% CI, 29–61%) for patients with
Ph-like ALL compared to 69% (95% CI, 60–80%) for those with Ph-negative ALL
(HR, 2.06; log-rank P = 0.008), and 3-year OS rate was 63% (95% CI, 50–81%)
for patients with Ph-like ALL compared to 81% (95% CI, 73–89%) for those with
Ph-negative ALL (Fig. 5.1) [14]. Ph-like ALL is typically treated with regimens
similar to those used for Ph-negative ALL. Patients with Ph-like ALL tend to have a
relatively high rate of MRD positivity at the end of induction chemotherapy, and
those who achieve MRD negativity have a high risk of relapse [103, 104].
Therefore, consolidation with alloHCT should be considered in eligible patients
with Ph-like ALL. Targeted therapy for ABL-class or JAK-STAT pathway muta-
tions may be of benefit and is currently under investigation.

5.2.3 Should Asparaginase Be Included?

Asparaginase is a critical component of pediatric and pediatric-inspired treatment
regimens. In AYA patients, the use of asparaginase has been associated with a
significant improvement in DFS and overall survival [30]. However, asparaginase
is less well tolerated in adults. Therefore, patients must be closely monitored
during treatment. Typically, asparaginase is given up to the age of 40, however,
some studies have successfully treated patients with asparaginase up to the age of

Fig. 5.1 Overall survival based on Ph-like signature [14]
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60 with appropriate dose modification, suggesting this may be possible when
carefully administered in select patients [28, 29]. Patients should be monitored
closely for asparaginase toxicity. Toxicities from asparaginase include bleeding,
thrombosis, hepatotoxicity, hyperglycemia, pancreatitis, and hypersensitivity reac-
tions [31, 32]. An asparaginase-containing treatment regimen should be used for the
treatment of the patient in this case.

5.2.4 Should Rituximab Be Used?

In a single-center study of patients with Ph-negative precursor B-ALL, those under
the age of 60 years had a significantly improved overall survival (75 vs. 47%;
P = 0.003) and 3-year CR duration (70 vs. 38%; P < 0.001) when rituximab was
added to the hyper-CVAD regimen (Fig. 5.2) [33]. The survival benefit was not
observed in patients over the age of 60 years due to increased deaths after CR in the
rituximab treated group, predominantly due to infectious causes [33]. In the
GRAALL-R 2005 study, the addition of rituximab in patients aged 18–59 years
with CD20-positive Ph-negative precursor B-ALL resulted in a lower incidence of
relapse (18 vs. 32%; p = 0.02) and greater event-free survival (65% vs 52%;
p = 0.04) at 2 years. There was no statistically significant improvement in overall
survival among all patients, however a survival benefit was observed in the subset
of patients undergoing allogeneic stem cell transplant in first remission (hazard
ratio, 0.55; 95% CI, 0.34–0.91; P = 0.02). The incidence of severe adverse events
did not differ between groups [34]. Based on these findings, rituximab should be
included in the treatment of patients with Ph-negative precursor B-ALL, particu-
larly those under the age of 60. Since this patient has CD20+ precursor B-ALL, he
would benefit from the addition of rituximab.

Fig. 5.2 Outcomes for patients younger than 60 years with Philadelphia-negative pre-B ALL. In
the CD20-positive subset, a complete remission duration by therapy and b survival by therapy [33]
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5.2.5 When Should Allogeneic Stem Cell Transplant Be
Considered?

Patients at high risk of relapse after treatment should be considered for an allo-
geneic stem cell transplant. Among patients with Ph-negative ALL, MRD has
emerged as the single most important risk factor for relapse. In the CALGB 10403
study, patients who were MRD-negative at the end of induction had a three-year
DFS of 85% (95% CI, 74–98%) compared with 54% (95% CI, 41–71%; P = 0.001)
for patients who were MRD-positive (Fig. 5.3) [14]. Similarly, in the combined
analysis of the GMALL 06/99 and 07/03 studies, patients with persistent quan-
tifiable MRD positivity (� 10−4) after consolidation chemotherapy (week 16) had a
significantly lower probability of obtaining a continuous CR at 5 years (35% ± 5%
vs. 74% ± 3%; P < 0.0001). When patients undergoing stem cell transplant in first
CR were excluded, this was even more pronounced (12 vs. 70%; P < 0.0001).
Likewise, the overall survival was significantly lower in all patients with MRD
positivity (42% ± 5% vs. 80% ± 3%; P < 0.0001) and when patients who
underwent stem cell transplant in first CR were excluded (33% ± 7% vs.
81% ± 3%; P < 0.0001) (Figs. 5.4 and 5.5) [36]. In the GRAALL-2003/2005
trials, patients with ALL treated with the GRAAL protocol who were
MRD-positive (� 10–3) at the end of induction had a better relapse-free survival

Fig. 5.3 Three-year DFS for patients with undetectable MRD compared to patients with
detectable MRD at the end of induction [14]
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(hazard ratio [HR] 0.40; 95% CI 0.23–0.69; p = 0.001) and overall survival (HR
0.41; 95% CI 0.23–0.74; p = 0.002) if they underwent allogeneic stem cell trans-
plant in first CR [35], suggesting that allogeneic stem cell transplant improves
outcomes in these high-risk patients. While the exact timing and MRD cutoff value
to be used are still being elucidated, given the universally poor outcomes

Fig. 5.4 Probability of continuous CR a in all patients and b with the exclusion of patients
undergoing stem cell transplant in first CR [36]
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demonstrated in patients who have quantifiable MRD after induction and/or con-
solidation, these patients should be considered for allogeneic stem cell transplant in
first CR when possible. Other clinical factors that have traditionally indicated
high-risk disease include high white blood cell count at diagnosis (>30 � 109/L in
B-ALL or >100 � 109/L in T-ALL), Ph-like gene expression profile, progenitor
B-cell immunophenotype, MLL gene rearrangement (e.g., t(4;11)), IKZF1 gene

Fig. 5.5 Probability of survival a in all patients and b with the exclusion of patients undergoing
stem cell transplant in first CR [36]
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deletion, t(1;19) chromosomal translocation, low hypodiploidy/near triploidy,
age >60 years, CNS involvement, and time to obtain CR > 4 weeks [37]. How-
ever, the GRAALL-2003/2005 trials identified the IKZF1 gene deletion, MLL gene
rearrangement, and MRD � 10–4 at 6 weeks after induction start as the most
significant factors for identifying high-risk patients with B-cell precursor ALL [39].
Because the patient, in this case, has the t(4;11)MLL gene rearrangement, he should
undergo an allogeneic stem cell transplant in first CR if a suitable donor can be
identified.

5.3 Case 3

5.3.1 Philadelphia Chromosome-Positive (Ph-Positive)
B-Cell Acute Lymphoblastic Leukemia (B-ALL)

A 54-year-old woman with a history of hypertension and diabetes presents to the
emergency room with symptoms of dyspnea on exertion and fatigue. Initial eval-
uation showed a platelet count of 88,000/µL, hemoglobin 4.1 g/dL, and a white cell
count of 22,600/µL. A bone marrow biopsy was performed and showed a hyper-
cellular bone marrow with 42% blasts. Flow cytometry showed expression of
CD19, CD22, CD34, CD38, and HLA-DR. BCR–ABL P190 fusion was detected in
70.8% of the cells. She was diagnosed with Ph-positive B-ALL.

5.3.2 Which Induction Regimen Should Be Used?

Induction therapy for Ph-positive B-ALL should include a BCR-ABL1 tyrosine
kinase inhibitor (TKI) in addition to chemotherapy. The GRAAPH-2005 study
compared imatinib plus a lower intensity induction chemotherapy regimen of
weekly vincristine + dexamethasone versus imatinib plus Hyper-CVAD. All
patients received imatinib, methotrexate, and cytarabine for the second cycle. After
one cycle, the hematologic CR rate was higher in the vincristine + dexamethasone
arm compared to the Hyper-CVAD arm (98.5 vs. 91.0%; P = 0.006). There were
also less deaths in the vincristine + dexamethasone arm (60-day mortality 2.2 vs.
9%; P = 0.017). The major molecular response rate after two cycles demonstrated
non-inferiority between the arms (66.1 vs. 64.5%; P = 0.88). There was no sta-
tistical difference between the arms in EFS, OS, or NRM [38]. Based on these
findings of lower mortality and higher CR rate, with no difference in EFS, OS, and
NRM, the lower intensity vincristine + dexamethasone regimen should be con-
sidered as the induction of choice in all patients who are eligible for TKI therapy.
For older frail patients who are not suitable for induction chemotherapy, treatment
with a TKI along with steroids alone could be considered. In this patient, treatment
with the GRAAPH-2005 regimen would be reasonable.
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5.3.3 Which TKI Should Be Used?

Imatinib, dasatinib, nilotinib, and ponatinib have all been demonstrated to be
effective in the treatment of Ph-positive B-ALL. Imatinib was the first TKI eval-
uated for the treatment of Ph-positive B-ALL in combination with chemotherapy
and demonstrated a CR rate of greater than 90% [40, 41]. However, imatinib does
not adequately penetrate the blood–brain barrier, leaving the CNS vulnerable to
leukemic infiltration. The second-generation TKIs dasatinib and nilotinib provide
better CNS penetration [42]. In addition, they can also overcome many of the
BCR-ABL1 tyrosine kinase domain mutations that render imatinib ineffective, with
the notable exception of the T315I mutation. Therefore, these second-generation
TKIs have now become more commonly used in the front-line setting than imatinib.

When patients relapse after initial treatment, they often express the T315I kinase
domain mutation [43–45]. Ponatinib, a third-generation TKI, is the only available
TKI effective against the T315I mutation. Thus, ponatinib is frequently used in the
relapsed setting. However, given the high rate of T315I mutation at the time of
relapse and that some patients express the mutation at the time of diagnosis [46],
there has been increasing interest in treating with ponatinib in the front-line setting.
In one study evaluating the use of ponatinib in combination with Hyper-CVAD for
frontline treatment, 100% of patients achieved a complete cytogenetic response,
95% achieved a major molecular response, and 78% had a complete molecular
response. At a median of 3 weeks, 95% of patients were MRD-negative. At two
years, EFS was 81% and OS was 80% [47]. The TKIs have never been directly
compared in a randomized prospective trial, however, a meta-analysis of treatment
with ponatinib plus chemotherapy versus earlier generation TKIs (imatinib, dasa-
tinib, or nilotinib) plus chemotherapy suggested that ponatinib may produce better
outcomes [48]. Regardless of which TKI is chosen, it is most effective when given
continuously [49].

5.3.4 Post-Remission Treatment

While current treatment regimens for Ph-positive B-ALL result in a high CR rate,
most patients will relapse if additional treatment is not given. The optimal
post-remission therapy is not yet known and remains under investigation. The
current standard remains allogeneic stem cell transplant in first CR for patients who
are medically fit and have a suitable donor. Outcomes after allogeneic stem cell
transplant have been shown to be superior to those after autologous stem cell
transplant or chemotherapy alone [51], however, these data were established in the
pre-TKI era. Newer data suggest that autologous stem cell transplant may be
comparable to allogeneic stem cell transplant when TKI therapy is used, as dis-
cussed below, however this has not yet been validated in a prospective randomized
study.

For patients who are unable to undergo allogeneic stem cell transplant, autolo-
gous stem cell transplant is a reasonable treatment option if used in conjunction
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with TKI therapy. Several studies have now demonstrated similar outcomes
between allogeneic transplant versus autologous transplant followed by TKI
maintenance, particularly if patients achieve a major molecular response
(BCR-ABL1/ABL ratio of < 0.1% in the bone marrow) [38, 50]. However, it
should be noted that these studies were not truly randomized trials. Rather, patients
were offered autologous transplant if unable to undergo allogeneic transplant. In
addition, TKI maintenance was given only to patients who underwent autologous
stem cell transplant and not those who had an allogeneic transplant. Finally, TKI
maintenance in these studies was with imatinib as opposed to the newer generation
TKIs that are more commonly used today. It is unclear if outcomes would
be different if TKI maintenance was used after allogeneic transplant as well, or if a
more potent TKI was used. To that end, a trial is currently underway evaluating the
use of dasatinib during induction followed by allogeneic stem cell transplant versus
autologous stem cell transplant (CALGB 10701 Alliance). Nonetheless, until more
data become available, autologous stem cell transplant is a reasonable secondary
treatment option in patients unable to undergo allogeneic stem cell transplant.

Patients who are unsuitable for either allogeneic or autologous stem cell trans-
plant should continue treatment with chemotherapy and TKI. The optimal TKI in
this setting has not been determined, however a recent study combining
Hyper-CVAD with ponatinib reported a 2 year EFS of 81% and 2 year OS of 80%
[47]. Thus, this regimen would be a reasonable choice in the absence of medical
contraindications to treatment.

Given her age and good overall health, this patient should be evaluated for
allogeneic stem cell transplant. If a suitable donor cannot be identified, an autol-
ogous stem cell transplant followed by TKI maintenance could be considered.

5.4 Case 4

5.4.1 Relapsed ALL

A 24-year-old man was initially diagnosed with Ph-negative B-ALL at the age of 20
years and was treated with a pediatric chemotherapy regimen. He achieved
MRD-negative remission at the end of induction. During maintenance therapy, he
was found to have isolated bone marrow relapse. He achieved a second CR (CR2)
after re-induction and received an allo-HCT from a matched unrelated donor. He
developed a second bone marrow relapse 13 months post-HCT. He wants to know
if there is any other treatment available.
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5.4.2 Discussion

First relapse of ALL
Outcome in patients with first relapse of ALL. In first relapse of ALL, CR2 can

be achieved in about 81–94% of pediatric patients [59–62], and a
chemotherapy-alone approach can result in long-term survival in a subset of
low-risk relapsed patients [59, 60, 63]. However, only approximately 40% of adult
patients are able to achieve CR2, and this CR is generally transient if only receiving
chemotherapy [64, 65]. Long-term DFS can be achieved in approximately 25% of
patients with relapsed ALL, and in general occurs only with allo-HCT [64, 66].
Predictors for survival include duration of the first remission, response to rein-
duction therapy, ability to undergo HCT, disease burden at time of HCT, and age
[64, 66–68].

Treatment approach in patients with first relapse of ALL. The initial approach to
treat relapsed ALL in adults is to evaluate whether the patient is a potential can-
didate for allo-HCT. Referral to a transplant center and early donor identification is
important since the duration of CR2 is generally short. The goal of salvage therapy
is to achieve a CR2 (preferably MRD-negative) prior to HCT, since studies report
improved outcomes if the patient has MRD-negative remission at the time of
transplant [69].

Multiple salvage chemotherapy regimens have been used in adults with relapsed
ALL, but none have been deemed as the standard of care. Common salvage
chemotherapy regimens include high-dose cytarabine and fludarabine with G-CSF
(FLAG), alone or in combination with an anthracycline; Hyper-CVAD with or
without asparaginase; BFM based pediatric inspired regimen; Clofarabine based
regimen; and liposomal vincristine [70–79]. In patients with T-ALL, treatment
with nelarabine alone or in combination can be considered [25, 26].

If relapse occurs >12 months from initial diagnosis, retreating with the same
previously successful induction regimen is reasonable. Otherwise, an alternative
regimen may be considered. It is important to assess for CNS and testicular
involvement at the time of systemic relapse and restart CNS prophylaxis with
intrathecal chemotherapy. CNS relapse is often associated with a systemic relapse.
Therefore, bone marrow biopsy and aspirate with MRD testing is necessary for
disease evaluation. Even when there appears to be isolated CNS relapse, systemic
treatment is recommended because the occurrence of a subsequent systemic relapse
is likely [80–82]. In patients with CNS involvement, local radiation can be
administered after systemic treatment. There has been no clear evidence suggesting
the superiority of craniospinal radiation over cranial radiation, we recommend
patients receive a dose of 18 Gy [82, 83].

New and emerging therapy in B-ALL. Most patients with relapsed/refractory
ALL have chemotherapy-resistant disease. This has resulted in the development of
treatments with alternative mechanisms of action. In 2017, the FDA approved three
novel immunotherapies to treat patients with relapsed/refractory B-ALL which
directly target surface antigens of leukemia blasts: inotuzumab ozogamicin, blina-
tumomab, and tisagenlecleucel.
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Inotuzumab ozogamicin is an anti-CD22 monoclonal antibody conjugated to the
cytotoxic antibiotic agent calicheamicin. After binding to CD22-positive leukemia
blasts, the antibody complex is internalized and calicheamicin is released, inducing
cell death [84]. In the phase III INO-VATE trial, adult patients with first relapsed
B-ALL were randomized to receive inotuzumab ozogamicin or standard
chemotherapy [84]. Compared to chemotherapy, the inotuzumab ozogamicin group
demonstrated significantly higher response rates (CR + CRi 80.7 vs. 29.4%,
P < 0.001; CR rate 35.8 vs. 17.4%), longer duration of remission (DOR,
4.6 months vs. 3.1 months, p = 0.03), longer progression-free survival (5 months
vs. 1.8 months, p = 0.04), and longer OS (7.7 months vs. 6.7 months, p = 0.04).
Hepatotoxicity, especially the rate of veno-occlusive disease (VOD), was markedly
higher with the inotuzumab ozogamicin-treatment group, mostly occurring in
patients who had undergone HCT before or after the therapy.

Blinatumomab is a bi-specific T-cell engager (BiTE) antibody that links
CD19 + B-cells with CD3 + T-cells, leading to cytotoxic T-cell response against
CD19 + leukemia blasts [85, 86]. In the phase III randomized TOWER trial,
heavily pre-treated precursor B-ALL patients were randomly assigned to receive
either blinatumomab or standard of care chemotherapy [87]. Similar to inotuzumab
ozogamicin, blinatumomab showed significantly higher CR rates (34 vs. 16%,
p < 0.001), longer DOR (7.3 months vs. 2.6 months), higher 6 months EFS (31 vs.
12%, p < 0.0001), and improved OS (7.7 months vs. 4 months, p = 0.01). The
most common toxicities of blinatumomab included neurotoxicity and
cytokine-release syndrome (CRS), similar to tisagenlecleucel, and will be discussed
later in this chapter.

Multiply relapsed B-ALL

Outcome in patients with multiply relapsed ALL. The outcome for ALL patients
with post-HCT relapse or multiple relapsed diseases is very poor. Approximately
50% of pediatric patients and 20% of adult patients can achieve CR following a
second salvage chemotherapy attempt. However, the duration of remission is
usually very short [65, 88]. There is no standard therapy available and we generally
recommend enrollment in clinical trials for such patients. In the past several years,
the promising results of ground-breaking chimeric antigen receptor (CAR) T-cell
therapy have transformed how we treat these patients and we expect the outcome
will improve in this extremely high-risk population [89]. Other novel therapies have
also shown promise in this patient population. The combination of the BCL-2
inhibitor venetoclax and the BCL-2/BCL-XL/BCL-W inhibitor navitoclax, with or
without chemotherapy, was recently demonstrated to have significant efficacy. In a
phase I trial of patients with relapsed/refractory ALL and lymphoblastic lymphoma,
18 of the 36 evaluated patients (50%) achieved a CR. Ten of the patients achieving
CR were MRD-negative (55.6%) [105].

CD19 CAR T-cell therapy. CAR T-cell therapy is a novel adoptive cellular
therapy that utilizes the patient’s autologous T-cells, which are genetically engi-
neered ex vivo to specifically recognize surface antigens expressed on tumor cells.
The modified CAR T-cells are infused back into the patient, resulting in antigen
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recognition and rapid expansion of CAR T-cells, leading to leukemic cell killing
[89]. CD19 is an antigen expressed in almost all B-cell ALL cells and has been
widely used as a target in CAR T-cell therapy. Various CD19 CAR T-cell clinical
trials in both children and adults have demonstrated similar high response rates and
toxicities [90–96], although head-to-head comparisons across different trials is not
possible due to the differences in manufacturing platforms and trial design [89].
CAR-T-cell therapy for ALL and its complications are discussed in further detail in
Chap. 11.

Tisagenlecleucel is the first CD19 CAR T-cell therapy approved by the FDA to
treat patients up to 25 years of age with B-cell ALL that is refractory or in second or
later relapse. In the single-arm ELIANA trial, 75 pediatric and young adult patients
with multiply relapsed/refractory ALL received tisagenlecleucel [96]. The CR rate
within 3 months was 81%, all were MRD-negative CR. EFS was 73% at 6 months
and 50% at 12 months. OS was 90% at 6 months and 76% at 12 months. These
were extraordinary results when compared with historical data [65, 88]. Interest-
ingly, only a small cohort of patients (<15%) underwent HCT after CAR T-cell
therapy in the ELIANA trial indicating the possibility of long-term persistence of
the CAR T-cells and durable remission without HCT consolidation. However, the
persistence of the cells is unpredictable and the role of HCT after tisagenlecleucel is
unclear. Therefore, until we have data to predict who will not relapse without
subsequent therapy, patients who have not received prior HCT should be consid-
ered for consolidative HCT if they achieve remission after CAR T-cell therapy.

Both neurotoxicity and cytokine release syndrome (CRS), which can be
potentially life-threatening, have been observed with tisagenlecleucel and blinatu-
momab. In the ELIANA trial, 40% of patients developed neurologic events, and
13% were severe (� grade 3) including encephalopathy, confusion, and delirium.
All CNS symptoms were transient. CRS was observed in 77% of patients, and 47%
of patients were admitted to the ICU for the management of CRS. Severe CRS can
be managed with tocilizumab, an anti-IL-6-receptor antibody that was simultane-
ously approved with tisagenlecleucel for the treatment of CAR T cell-associated
CRS.

Other CAR T-cell therapies on the horizon. Although the outcome with tis-
agenlecleucel is impressive, some patients relapse with either CD19+ or
CD19-disease, indicating different mechanisms of relapse [91, 97]. Alternative
treatment options exploring different B-cell surface antigens (i.e., CD22, CD20,
ROR1, and BAFF-R), or combination antigens (i.e., CD19/CD22, CD19/CD20) are
ongoing [98–100]. In addition, some patients are unable to receive autologous CAR
T-cells due to an inability to manufacture a usable product as a result of comor-
bidities or impaired T-cell function after prior chemotherapy. Those issues could
potentially be avoided by the use of allogeneic or “off-the-shelf” CAR
T-cells which are currently in development [101].
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6.1 Case 1

CML, chronic phase (CP), Sokal low risk. The patient is a 29-year-old woman
who was found to have a leukocytosis with a left shift on routine employment
physical. She was in otherwise good health with no significant medical history. She
was recently married and was interested in starting a family. She was diagnosed
with CML in CP based on peripheral blood and bone marrow (BM) findings. The
Ph was detected in all metaphases and polymerase chain reaction (PCR) for BCR–
ABL gene using International Scale (IS) was positive at 104%. She was low risk by
Sokal score. After a brief course of therapy with hydroxyurea and allopurinol, she
was started on nilotinib 300 mg twice daily. Baseline EKG was normal and a repeat
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EKG a week after starting the nilotinib showed no prolongation of the QTc interval.
She was seen every few weeks for the first few months on treatment to monitor
blood counts and liver function tests. The next PCR for BCR–ABL was checked
after 3 months on nilotinib. The result was 8.4552%, which met the targeted level of
10% or below by 3 months on TKIs therapy. PCR for BCR–ABL was followed
every 3 months and she achieved a level of Major Molecular Response (MMR) or
MR 3 by 9 months, and by 15 months on therapy, PCR became undetectable,
meaning it was below MR 4.5, or 0.0032%. PCR's were monitored every 3 months
and the PCR continued to be undetectable. The patient wanted to know when she
could safely attempt to get pregnant and how she should manage her TKI therapy
before, during, and after pregnancy.

6.2 Discussion

Several issues are raised by this case including:
Why do a BM biopsy at the time of diagnosis? The NCCN does recommend

BM biopsy as part of the initial diagnostic workup, in part to be able to complete a
full karyotyping study looking for the Ph and possibly other additional chromo-
somal aberrations. In addition, accurate staging of the disease depends on bone
marrow biopsy findings since there may be signs of acceleration or blast crisis in the
bone marrow that are not evident in the peripheral blood [3].

Why do PCR at the time of diagnosis? PCR for BCR–ABL is not required for
diagnosis as long as the Ph is detectable by karyotyping or FISH. About 5% of
patients will be Philadelphia chromosome-negative by karyotyping but BCR–ABL
will be detectable either by FISH or by PCR assay. About 2% of patients may have
a variant BCR–ABL transcript, for example, e13a3 [4], rather than the usual p210
transcripts of either e13a2 or e14a2. Such variant transcripts would not be detect-
able by standard PCR assays, and therefore the patient could not be followed in a
standard lab by serial PCR assays to monitor molecular response.

On average, the PCR level for BCR–ABL in a population of patients newly
diagnosed with CML will be 100% by IS [5, 6]. In actuality, there may be a wide
range of PCR results at diagnosis ranging from 25 to 400% or higher. The level of
PCR may be somewhat dependent on the choice of control gene that is used to
calculate the ratio of BCR–ABL to a standardized gene. Most labs will use normal
ABL or BCR as a control gene. Others have chosen to use a housekeeping gene
unrelated to BCR or ABL as the control. As discussed below, the first goal of
therapy is to reach a PCR level of 10% or below by 3 months and no later than 6
months on therapy with TKIs [7–9]. There are studies suggesting that the halving
time of the PCR within 3 months based on the actual starting level of PCR may be a
more accurate reflection of optimal response. Thus it may be important to determine
PCR level at diagnosis to be sure the patient has a standard BCR ABL transcript
and to establish the actual level of BCR–ABL gene expression by PCR at the time
of diagnosis [10, 11].
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Why calculate Sokal score? Sokal score was originally developed to predict
responses of patients with CML to interferon [12]. The ELN has posted a website to
calculate the Sokal and Hasford scores very readily (www.leukemia-net.org/
content/leukemias/cml/euro__and_sokal_score/index_eng.html) It was initially
unclear whether it would be of value in managing patients in the TKI era. As
discussed below, the Sokal score is of value in choosing first-line therapy for newly
diagnosed patients. In addition, Sokal score at diagnosis may help predict the
likelihood of success when drug discontinuation is attempted in the future once the
patient has achieved a deep molecular response. There are several other risks cal-
culating systems in use such as Hasford [13] and EUTOS [14, 15] which may also
be of value.

Choice of first-line TKI—first-generation vs second-generation TKI. Cur-
rently, there are four FDA approved TKIs for first-line therapy: the first-generation
TKI imatinib, and second-generation TKIs dasatinib, nilotinib, and bosutinib.
Based on the results of the DASISION [16], ENESTnd [17] and BFORE [18] trials,
the NCCN has recommended that second-generation TKIs be chosen as first-line
therapy for patients in the chronic phase who are intermediate or high risk by Sokal
or Hasford score (see Table 6.1). In those trials, there were fewer cases of disease
progression to accelerated phase/blast crisis in the patients who received
second-generation TKIs compared to imatinib. All of those events occurred in
patients who were intermediate or high risk. For patients who were low risk, the
incidence of progression was very low in both first- and second-generation TKIs
groups. Imatinib could be an appropriate choice as first-line therapy for patients in
chronic phase, low risk, especially if they are older with associated comorbidities

Table 6.1 First-line TKI therapy for CP-CML: long-term follow-up data from phase III studies
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such as cardiovascular or thromboembolic disease, and if drug discontinuation is
not a priority. Generic imatinib is the only available generic TKI and, generally, this
is a less expensive alternative to the brand name drug, which may influence the
choice of first-line TKI, especially for the insurance company if not for the patient
directly. On the other hand, for a patient such as in this case, even though she is low
risk, she is definitely interested in drug discontinuation and pregnancy. It is rec-
ommended that such a patient use a second-generation TKIs because these drugs
are more potent than imatinib, and are likely to be more successful in achieving a
deep molecular response (DMR) rapidly (see Table 6.2).

Goals of TKI therapy. The initial goals are to achieve a complete hematologic
remission by 3 weeks–3 months, and a CCyR (equivalent to <=1% BCR–ABL IS)
within 12 months after the start of TKI therapy. Several studies have demonstrated
the importance of achieving a 3 month PCR of 10% or below. Patients who
achieved this target have a high likelihood of ultimately achieving MMR by 12
months, and have superior progression-free survival. Some investigators have
argued that waiting for 6 months on therapy is reasonable and that patients should
not be considered to be failing unless they are still above 10% by 6 months [6–8].
Failure to achieve this level of response by 3 or possibly 6 months will generally
require a change in TKI therapy to a different agent, for example. from imatinib to a

Table 6.2 Adverse events of first-line TKI therapy in CP-CML
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second-generation TKI, or from one second-generation TKI to another. This might
be an indication to check for ABL kinase domain mutations to potentially guide the
choice of the next TKI based on informative mutations if present.

In the pre-TKIs era, CML patients were treated with alpha-interferon with or
without cytarabine, and the main goal of therapy was to achieve CCyR. Such
patients had improvement in progression-free survival. In the post TKIs era with the
use of PCR monitoring, MMR or MR 3 (equivalent to 0.1% or less by PCR) has
become an important goal of therapy. Patients who achieve CCyR with MMR are
less likely to progress compared to patients who achieve CCyR without MMR. For
the majority of patients, achievement of MMR is an appropriate goal for therapy
with TKIs and it is not necessary to increase the dose of TKI or change to a more
potent drug in an effort to achieve a deeper response than that [19-21].

NCCN has defined desired milestones on therapy as follows: PCR of less than
10% by 3 or 6 months; PCR less than 1% by 9 or 12 months; and PCR less than
0.1% at any time. Responses that would be of concern and require careful evalu-
ation of issues such as patient adherence to the regimen, possible drug–drug
interactions, and the need for mutational analysis include PCR greater than 10% at
6 months and PCR greater than 1% at 12 months on therapy [3].

ELN has defined optimal response as PCR less than or equal to 10% and/or
Philadelphia chromosome less than or equal to 35% by 3 months; BCR–ABL less
than 1% and/or undetectable Philadelphia Chromosome by 6 months; PCR less than
or equal to 0.1% by 12 months. ELN has also defined response criteria for warning
and failure at these time points [22].

Drug discontinuation. For some patients such as young females interested in
pregnancy, or others who continue to experience ongoing low-grade toxicities from
the TKIs, or for whom the financial burden of long-term therapy with TKIs is
prohibitive, then the goal of achieving a DMR with the potential for drug dis-
continuation becomes an imperative. Several studies have been conducted looking
at success rates for maintaining treatment-free remission (TFR ) after drug dis-
continuation. Initial studies with imatinib suggested about a 50% success rate for
patients who were on TKI therapy for at least 4 years in total and who were in DMR
for at least 2 years [23-25]. More recent studies were conducted for patients who
achieved DMR with dasatinib or nilotinib, whether as first-line or second-line
therapy. The expectation was that since these TKIs are more potent than imatinib,
then patients might develop even deeper molecular remissions compared to ima-
tinib, and would have a higher success rate in maintaining TFR after drug dis-
continuation. However, the recent discontinuation trials with second-generation
TKIs have shown almost identical TFR rates of about 50% for both dasatinib [26,
27] and nilotinib similar to the results with imatinib. Further analysis of the imatinib
discontinuation studies has revealed that for patients who are treated with TKIs for a
total of at least 5.8 years or longer and are in DMR for at least 3 years, they may
have at least a 75% chance or higher of maintaining TFR. Other risk factors that
predict for successful TFR include Sokal low risk at diagnosis, a history of meeting
milestones of optimal responses to first-line TKI, and no history of progression to
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the accelerated phase of blast crisis or development of resistance with detection of a
kinase domain mutation [28].

6.3 Case 2

Resistance to first-line TKI therapy. A 54-year-old man was diagnosed with
CML, CP, Sokal intermediate risk. PCR for BCR–ABL at presentation was 120%.
He was started on dasatinib 100 mg a day. The patient achieved a PCR of 9% by 3
months, but at 6–9 months was still above 1%. At 12 months, PCR increased to
15%. ABL kinase domain mutation analysis revealed the presence of T315I
mutation. He was switched to ponatinib 30 mg a day. The possible need for an
allogeneic hematopoietic cell transplant (HCT) was discussed with the patient.
HLA typing was done on the patient and available siblings. Unrelated donor
(URD) search was then carried out because no matched siblings were identified.
Two 10/10 matched unrelated donors were identified. The PCR was monitored
every 3 months with levels of 2, 0.6, 0.03% after 3, 6 and 9 months on ponatinib
therapy. MMR was achieved and maintained over the next several years. Allo-
geneic HCT was not performed.

6.4 Discussion

Choice of first-line TKI. Based on ENESTnd and DASISION trials, NCCN rec-
ommends second-generation TKI as first-line therapy for CP, with intermediate or
high-risk Sokal [3]. The choice of second-generation TKI may be influenced by
pre-existing medical co-morbidities, patient lifestyle, and ultimately patient choice.
Risks of each TKI are detailed below. For example, nilotinib must be taken twice a
day with fasting for 2 hours before and 1 hour after each dose. There is a black box
warning about the risk of sudden death and possible QTc prolongation. Dasatinib is
taken once a day independent of food and is associated with a risk of pleural
effusions. Dasatinib was chosen for this patient with an expected 5-year MMR
response rate of 76% [16]. For patients who progressed on dasatinib on the
DASISION trial, 10 had detectable ABL kinase domain mutations, and 7/10 of
these were the T315I mutation [29]. In contrast, in the imatinib arm, there were also
10 mutations detected, but none had the T 315I mutation [30].

Choice of second-line TKI. For patients who are intolerant of the first-line
choice of TKI, any of the other three TKIs approved for first-line therapy could be
chosen as second-line therapy. For patients who are resistant to the first-line choice,
then BCR–ABL mutation analysis should be carried out. Such mutations will be
found in up to 75% of resistant cases. If a specific mutation is identified then the
choice of second-line TKI should be dictated by the known sensitivities of that
mutation [31–33]. For example, mutations such as E255K and Y253H are resistant
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to imatinib; V299L is resistant to bosutinib and dasatinib. The T315I mutation is
highly resistant to all available TKIs other than ponatinib [34–36]. This drug can be
given in three doses: 15, 30, or 45 mg a day. There is a known risk of major
thromboembolic events of approximately 27%. Most of these events are arterial
rather than venous and occur at a higher frequency in patients who have
co-morbidities such as diabetes, hypertension, and hyperlipidemia. The risk is also
dependent on the dose of ponatinib. The optimal dose strategy is uncertain at this
time. Risk mitigation measures call for using a lower dose from the beginning and
then escalate if needed. Alternatively, one could start with 45 mg a day, and then
dose reduces when the goal of MMR is achieved. Allogeneic HCT may be the only
option available for patients with T315I mutation who fail to respond to or tolerate
ponatinib. Omacetaxine is the only other FDA-approved drug indicated for the
treatment of CML with the T315I mutation, although the response rates to this drug
are lower than for ponatinib [37]. Omacetaxine is a protein synthesis inhibitor, not a
TKI, and myelosuppression is a significant toxicity risk.

6.5 Case 3

CML, blast crisis (BC). A 32-year-old woman was diagnosed with CML in blast
crisis based on bone marrow biopsy and lymph node biopsy. She presented to her
doctor with complaints of mild headaches with tenderness and swelling along the
right side of her neck starting behind the ear. She had seen a doctor about 2 years
before then because she was having pain in the pelvis and she was told she had
leukocytosis possibly due to infection at that time. At presentation, she had four
enlarged lymph nodes with the largest just behind the right ear and three more in the
cervical chain. She had splenomegaly with symptoms of early satiety. She had
WBC 66.3, hemoglobin 9.5, hematocrit 30.3, platelets 604,000. Differential showed
86% segmented neutrophils and bands, 3% lymphocytes, 1% monocytes, 3%
eosinophils, 4% basophils, and 2.5% blasts. She was positive for BCR–ABL by
PCR and negative for JAK2 mutation. BM biopsy showed 100% cellular marrow
with 3% B lymphoblasts by flow and 3.5% myeloblasts. Cytogenetics from bone
marrow showed the Ph chromosome in 20/20 metaphases. There were no other
cytogenetic abnormalities.

A biopsy of the right cervical lymph node showed evidence of CML with the
mixed phenotype of blast crisis with cells that were positive by immunopheno-
typing for a variety of T-cell, B-cell, and myeloid blast markers. Cytogenetics from
the lymph node were complex with Ph chromosome in all metaphases but also
multiple other changes involving chromosomes 1, 3, 5, 6, 10, 15, 17p, 19, and a
marker chromosome.

She started chemotherapywith hyper-CVADcycle 1 part A and dasatinib 140mg a
day prescribed as 70 mg twice daily. Dasatinib was put on hold after a few weeks
because of the cytopenias. She had a repeat bonemarrow biopsy that was hypocellular
at about 10% with no blasts seen. She had two lumbar punctures with intrathecal
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chemotherapy and both were negative for leukemia cells. She was referred to a
transplant center urgently. Fortunately, her only sister was a full 10/10 HLA match.
The patient was of Native Mexican ancestry with no full or partly matched donors
identified in the international donor registry. She was conditioned with dose-adjusted
intravenous busulfan and cyclophosphamide. She received tacrolimus and full dose
methotrexate for graft versus host disease (GVHD) prophylaxis.

PCR for BCR–ABL just before transplant was 2.6401%. PCR was undetectable
at the day +30 bone marrow, but on day +60 peripheral blood it was positive at
0.2627%. Her immunosuppression was reduced and she was started on dasatinib 50
mg daily. 6 weeks later the PCR was 0.0473%, and a month later it was unde-
tectable. She then developed GVHD affecting the skin and liver with marked
elevation of transaminases and alkaline phosphatase and dasatinib was put on hold.
Immunosuppression was escalated to control the GVHD. Her LFTs remain elevated
and dasatinib remained on hold. After several weeks, the liver tests improved, the
immunosuppression was tapered down, and dasatinib was restarted at 50 mg a day.

6.6 Discussion

Management of blast crisis

Patients may present in blast crisis that is apparent in the blood and bone marrow.
However, in some patients such as the patient in this case, the blood and bone
marrow appear to be chronic phase, but extramedullary sites of involvement such as
central nervous system or lymph nodes, demonstrate the presence of blasts [38, 39].
Blast crisis of CML may involve any lineage, most commonly myeloid or B
lymphoid [40]. Rarely the T lymphoid lineage may be involved in extramedullary
blast crisis of CML, [41, 42] and even more rarely there may be multiple lineages
involved at the same time such as this case. Patients who present in blast crisis must
go through a course of appropriate induction chemotherapy in combination with
TKIs, and then proceed as soon as possible to an allogeneic stem cell transplant.
This strategy is the only chance of cure for these patients. The choice of induction
chemotherapy is dependent on the nature of the blasts. For myeloid blast crisis, a
regimen that uses cytarabine and anthracycline, or possibly high-dose cytarabine is
often recommended. For lymphoid blast crisis a standard ALL induction regimen is
recommended. In this case, that involved myeloid, B-cell, and T-cell lineages,
hyper-CVAD regimen was an appropriate choice [43–45].

Allogenic stem cell transplantation

There has been a dramatic decline in the number of allogeneic stem cell transplants
performed for CML since the advent of TKIs. Before imatinib was approved,
allogeneic stem cell transplantation was the mainstay of therapy for younger
patients with newly diagnosed CML. CML was one of the most common diagnoses
for which allogeneic stem cell transplantation was performed in the pre-TKIs era.
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Currently, stem cell transplantation is very rarely indicated since the vast majority
of patients with CML are managed successfully with one TKI or another. A small
number of transplants are performed yearly for patients with CML who generally fit
into one of the following three categories:

1. Patients who developed the T315I mutation and did not respond adequately to
or cannot tolerate ponatinib.

2. Patients who present in blast crisis or progress to blast crisis after initial therapy
with TKIs for chronic-phase disease.

3. Patients who are intolerant of or resistant to all available TKIs. In the post-TKIs
era, therefore, the patients who do come to transplant are generally more
refractory and advanced than the cohorts of patients who were transplanted
pre-TKIs. Results from transplantation have been reported recently and confirm
the importance of disease phase as an important prognostic factor for
post-transplant survival. Thus, patients in CP have better outcomes than patients
who are in AP or BC at the time of transplant. Other important risk factors
include HLA matching, age and sex of the donor and recipient, and time from
diagnosis to transplant [46–53].

In some countries in which TKIs therapy is very expensive or not readily
available, an allogeneic stem cell transplant from a well-matched donor may be a
reasonable strategy for young, otherwise healthy patients with newly diagnosed
CML [54, 55]. Recent reports have shown over 90% disease-free survival in good
risk patients reflecting the efficacy of transplant with a low acceptable complication
rate [51].

Management of post-transplant relapse

Post-transplant relapse of CML is one of the known complications of this approach,
especially for patients who are in the advanced stage of the disease when they come
to transplant. The general practice for such patients is to preemptively or prophy-
lactically reinstitute TKIs post-transplant. The optimal timing for re-starting TKIs,
and the choice of TKIs post-transplant is an unsettled issue. Definite proof that this
practice is effective is lacking in terms of randomized control trials. Combining
TKIs with Donor Lymphocyte Infusions may offer the best chance of controlling
post-transplant relapse [56–70].

6.7 Risks of TKIs

It is important to be aware of the risks associated with the various TKIs available
when making a choice for first-line or salvage therapy [71] (see Table 6.3). Each
patient’s pre-existing comorbidities need to be assessed in light of these risks.
Certain toxicities are common to all of the TKIs such as myelosuppression, elevated
transaminases, electrolyte changes, QT prolongation, skin rashes, and fluid
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retention. In addition, each of the five FDA-approved TKIs has its own profile of
toxicities that may be unique or more severe with one TKI versus another. Imatinib
is associated with periorbital edema and peripheral edema, myalgias, hypophos-
phatemia, GI toxicity, and possible renal impairment. Nilotinib has been associated
with the risk of vascular adverse events such as peripheral arterial occlusive disease,
hyperglycemia, hyperlipidemia, pancreatic enzyme elevation, and indirect hyper-
bilirubinemia. Dasatinib has been associated with the risk of pleural and pericardial
effusions, pulmonary arterial hypertension, risk of hemorrhage from the GI tract and
elsewhere, and rarely reactive lymphadenopathy. Bosutinib has been associated
mainly with GI toxicities such as diarrhea and nausea, elevated transaminases, and
possible renal effects. Ponatinib is the most potent TKI available and has the highest
risk of cardiovascular toxicity including serious thromboembolic events in up to
27% of patients including strokes, myocardial infarction, and hypertension.

For patients who have significant risk factors for thromboembolic disease,
imatinib may be a safer choice for initial TKI therapy. Bosutinib is also associated
with low risk of cardiovascular complications and is now approved as first-line
therapy for newly diagnosed patients.

Risk mitigation strategies have been proposed to increase the safety of therapy
with ponatinib. The incidence of thromboembolic events is dose-dependent and it
may be advisable to initiate therapy at a lower dose, for example, 15 or 30 mg daily,
and then escalate the dose only if there is a lack of efficacy. An alternative approach
which is being tested in randomized phase 3 trial, would be to start patients at a
higher dose, and then reduce the dose to a lower level once the desired endpoint has
been achieved. It has become general practice to use low-dose aspirin in patients
treated with ponatinib although there are no controlled studies to document the
protective effects of aspirin in this setting. Some clinicians have suggested treating
patients with a statin while on ponatinib. Careful attention to traditional risk factors
such as smoking, hypertension, diabetes, and hyperlipidemia is critical. Partnering
with a cardiologist or endocrinologist to manage these comorbidities is strongly
advised.

Table 6.3 First-line TKI therapy for CP-CML: MR rates according to Sokal or Euro risk score
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6.8 Future Directions and Unmet Needs

The treatment of CML in the TKI era has been a remarkable success story. Most
patients with CML can expect a near-normal life expectancy [72]. It is difficult to
know how this success could be improved upon. The fact remains that the vast
majority of newly diagnosed patients with CML will need to stay on TKIs lifelong.
Such therapy is associated with a variety of toxicities that may impair quality of life.
Patients may be overwhelmed by the financial burden of the costs of this therapy.
Young women interested in having families represent a subset of patients for whom
long-term therapy with TKIs is unacceptable [73, 74]. Thus there are compelling
reasons to pursue novel strategies that could lead to the complete discontinuation of
TKI therapy for the vast majority of patients.

It is estimated that only about 12–15% of all newly diagnosed patients with
CML in chronic phase will ultimately achieve TFR. This estimate is based on the
fact that about 25% of patients will achieve a sustained deep molecular remission,
and of those patients, only about 50% will successfully maintain TFR after dis-
continuation of TKIs. The question that should be raised is not: Why is the TFR
success rate only 50%, but rather: Why do any patients achieve TFR? After all, the
CML leukemic stem cell is known to be resistant to the pro-apoptotic effects of
TKIs [75]. The leukemic stem cells persist in a quiescent phase even in patients
who achieve complete molecular remission with TKIs therapy. Presumably, the
pool of leukemic stem cells should reactivate and repopulate the leukemic cell
population after discontinuation of TKIs. Why then do not all patients ultimately
relapse after discontinuation of TKIs?

There are two theories to explain the lack of relapse after drug discontinuation.
The first is the concept of stem cell pool exhaustion which means that due to the
effects of a drug, or just with the passage of time, there is gradual attrition of this
population of cells based on their finite lifespan. That theory is offered as an
explanation as to why the TFR success rate is higher the longer patients have been
treated with TKIs from the time of diagnosis to the time of attempted drug dis-
continuation. Those patients who were treated with TKIs for 4 years in total have a
TFR success rate of about 50%, whereas patients who are maintained on TKIs for at
least 5.8 years or longer may reach success rates of 75% or higher.

A therapeutic approach to kill off leukemic stem cells would be another way to
eradicate all remnants of CML and potentially cure patients. Several groups are
testing the concept of combination therapy with a TKI plus a second agent that
works through a completely different mechanism of action, which together may
synergize to kill off the resistant leukemic stem cells or promote exhaustion of the
pool. Examples of this approach include a combination of TKI with a histone
deacetylase inhibitor [76]; alpha-interferon [77, 78]; miRNA inhibition [79]; a
novel TKI called asciminib (ABL001) that targets the myristoyl binding site of the
BCR–ABL protein [80]; and others [81–86].

6 CML Chapter 107



The second theory to explain the lack of relapse focuses on the patient's immune
response to CML stem cells. It is postulated that some components of the patient's
immune system may prevent the reactivation of residual quiescent stem cells to
explain the lack of relapse after drug discontinuation. Several studies have focused
on the role of NK cells in this regard. There are data to suggest that patients who
have increased numbers and/or increased activity of NK cells may have a higher
likelihood of achieving and maintaining TFR [87, 88]. There may be other com-
ponents of the immune system that are important as well. Strategies that serve to
boost the patient's NK cell number and activity may be a way to increase the rate of
TFR. This concept of immune surveillance and immune reactivity against residual
leukemic stem cells underlies the success and curative outcomes of allogeneic stem
cell transplantation. In that setting, the allo-reactive T cells from the donor are
thought to be responsible for the prevention of reactivation of residual quiescent
leukemic stem cells long term.

There is a novel agent under study called Asciminib (ABL001) which is a BCR–
ABL1 inhibitor distinct from approved TKIs in that it does not bind to the
ATP-binding site of the kinase. Rather asciminib acts as an allosteric inhibitor and
engages a vacant pocket at a site of the kinase domain normally occupied by the
myristoylated N-terminal of ABL1—a motif that serves as an allosteric negative
regulatory element lost on the fusion of ABL1 to BCR. This drug showed activity
in CML patients who had failed previous TKI therapy, even for those with the
T315I mutation [89]. In the future, combination therapy with asciminib plus a TKI
may be an effective strategy for treating newly diagnosed patients.

Disease progression from chronic phase to accelerated phase or blast crisis is still
a significant problem for the minority of patients who failed to achieve adequate
responses to TKIs therapy. Strategies to identify those patients at risk for pro-
gression at an earlier time point would be of value. Molecular profiling of patients
to detect additional molecular mutations besides BCR–ABL, may help with this
goal. Combining a TKI with a second agent that works through a different mech-
anism of action which might synergize with the TKI might be an effective strategy
to help prevent progression.

Taking a global perspective, it is clear that a large portion of the developing
world is unable to benefit from the breakthroughs and diagnostic and therapeutic
options available for patients with CML. Doctors in these countries have very little
limited resources to be able to diagnose and monitor CML because of the technical
requirements and expense of PCR assays. Treatment of patients is limited by the
huge expense of TKIs and by the limited number of agents that are available in
many countries. Imatinib may be the only option available so that for patients who
progress on imatinib, the only option is to increase the dose of the drug until a
maximum tolerated dose. Beyond that such patients have no real options. Orga-
nizations such as the iCMLf and Max Foundation are working to try to overcome
some of these barriers.
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7.1 Myelodysplastic Syndrome: Overview

Myelodysplastic syndrome (MDS) refers to a spectrum of heterogeneous
hematopoietic stem cell disorders driven by genetic alterations leading to inefficient
hematopoiesis, morphologic dysplasia, and peripheral blood cytopenia(s) [1].
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Median age at the time of diagnosis is 70 years [1]. Clinical presentation of MDS
ranges from mild asymptomatic cytopenia to severe symptomatic transfusion-
dependent cytopenia, recurrent infections, and progression to acute leukemia. Due
to its rather variable clinical course, several prognostic models have been developed
in the past few decades. The International Prognostic Scoring System (IPSS) was
developed by the International MDS Risk Analysis Workshop (IMRAW) based on
a combination of cytogenetic, morphologic, and clinical data [2] (Table 7.1).

More recently, Revised International Prognostic Scoring System (IPSS-R) [2]
has been developed by the International Working Group for the Prognosis of MDS
(IWG-PM) that defines five risk groups (Tables 7.2 and 7.3). These risk stratifi-
cation strategies have been used to determine the therapeutic intervention, ranging
from supportive care to hypomethylating agents (HMA) to allogeneic hematopoi-
etic cell transplantation (HCT). Recently, somatic mutations in several genes (i.e.,
TP53, EZH2, ETV6, RUNX1, and ASXL1) were found to hold independent prog-
nostic value in MDS [3]. Thus, a combined analysis of genetic mutations and
IPSS-R/IPSS would likely further refine the risk stratification strategy in future.

Table 7.1 Cytogenetic scoring system. Data from patients in IWG-PM database [2]

Prognostic
subgroup; (patients
percentage)

Cytogenetic abnormalities Median
survival,
years

Median AML
evolution, 25%,
years

Very good (4%) −Y, del(11q) 5.4 NR

Good (72%) Normal, del(5q), del(12p), del(20q),
double including del(5q)

4.8 9.4

Intermediate (13%) del(7q), + 8, + 19, i(17q), any other
single or double independent clones

2.7 2.5

Poor (4%) −7, inv(3)/t(3q)/del(3q), double
including − 7/del(7q), complex: 3
abnormalities

1.5 1.7

Very poor (7%) −7, inv(3)/t(3q)/del(3q), double
including −7 del(7q), complex: 3
abnormalities

0.7 0.7

Table 7.2 IPSS–R scoring values [2]

Prognostic
variable

0 0.5 1 1.5 2 3 4

Cytogenetics Very
good

– Good – Intermediate Poor Very
poor

Bone
marrow
blasts, %

� 2 – >2–
<5%

– 5–10% >10% –

Hemoglobin � 10 – 8- <10 <8 – – –

Platelet � 100 50– <100 <50 – – – –

Absolute
neutrophil
count

� 0.8 <0.8 – – – – –
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Diagnostic approach to MDS and associated genetic mutations are discussed in
detail in Chap. 1. In addition, patient-related factors such as age, performance
status, and comorbidities should be considered in order to determine the best
treatment option. Utilizing the risk stratification based on the disease and
patient-specific factors, clear goals should be established to care for each patient.
For example, for most medically fit patients, the goal would be to achieve long-term
survival with the possibility of cure while for less fit patients, the primary goal tends
to be to improve patients’ quality of life, and/or prolong life.

7.2 CASE 1—High-Risk MDS

A 66-year-old African American male presented with worsening symptoms of
fatigue, exertional shortness of breath, generalized weakness, and developed
transfusion-dependent macrocytic anemia. His blood count showed hemoglobin of
7 g/dl, MCV 104 fl, WBC count of 6200/µl, and platelet count of 140,000/µl.
Review of peripheral blood smear showed dysplastic neutrophils, macrocytosis, and
5% circulating blasts. Bone marrow biopsy displayed trilineage dysplastic features,
with excess blasts, (15%) involving hypercellular marrow (70% cellularity).
Cytogenetics analysis revealed complex karyotype with monosomy 5, monosomy
7, and 13q deletion. Mutation analysis detected ASXL1, RUNX1, and EZH2
mutations. Patient was started on azacytidine subcutaneous injections daily for
7 days every 4 weeks. He has no significant comorbidities and was referred for
allogenic HCT evaluation.

Calculated IPSS-R score for this patient is 8.5 which stratifies him to be in very
high-risk group with median survival of 0.8 years and median time to 25% risk of
AML progression of 0.73 years.

7.3 Discussion

Hypomethylating agents (HMA, DNA methyltransferase inhibitors)

Azacytidine and decitabine are HMAs, approved by the Food and Drug Admin-
istration (FDA) for treatment of MDS. The rationale for hypomethylation therapy
was based on the observation that aberrant DNA methylation is a dominant process

Table 7.3 IPSS–R
categories risk scores

Risk category Risk score

Very low � 1.5

Low >1.5–3

Intermediate >3–4.5

High >4.5–6

Very high >6
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in patients with MDS. HMAs indirectly deplete methylcytosine, resulting in
hypomethylation of promoters of target genes including tumor suppressor genes
that are inappropriately methylated, thereby allowing gene expression. Both aza-
cytidine and decitabine are generally well tolerated with proven efficacy and are
considered standard first-line therapy for patients with high-risk MDS.

7.3.1 Azacytidine

Azacitidine was synthesized in 1963 and demonstrated activity in four AML trials
in the 1970s, resulting in complete remission in 17% to 36% of the patients in these
trials [4]. The registration study leading to FDA approval of azacytidine for all
MDS subtypes was a phase III trial in which transfusion-dependent MDS patients
were randomized to receive azacytidine or supportive care. Patients in the sup-
portive care arm were allowed to cross over to the treatment arm at time of disease
progression [5]. Ninety-nine patients were randomized to the treatment arm, in
which azacitidine was administered at 75 mg/m2 daily for 7 days of a 28-day cycle.
Of the 92 patients who were randomized to the supportive care arm, 49 patients
crossed over to receive active therapy. When these and other CALGB (Cancer and
Leukemia Group B) data were analyzed using the International Working Group
(IWG) criteria, Silverman et al. reported response rates of 14% complete and partial
response (CR and PR) with 30% hematologic improvement [6]. In the treatment
arm, there was a significant delay in MDS transformation to AML or death, but not
a significant prolongation of survival. Major toxicities included cytopenias, but
patients also reported nausea and injection site-related complications.

The efficacy of azacitidine was next explored in a Phase III trial in which higher
risk patients with MDS were randomized to receive azacitidine, at the dose used in
the registration study, versus conventional care including best supportive care,
low-dose cytarabine, or intensive AML-type induction chemotherapy, as selected
by investigators prior to randomization [7]. Of the 358 enrolled patients, 179 were
randomized to azacitidine and 179 to conventional care, with the majority (n = 105)
receiving the best supportive care. Overall response rate (ORR) with azacitidine
was significantly better than conventional care, 29% versus 21%. With a median
follow-up of 21.1 months, median survival was 24.5 months for the azacitidine and
15 months for the conventional care arm (hazard ratio: 0.58, P = 0.0001).

The survival benefit for azacitidine was seen in all prognostic subgroups (i.e.,
poor, intermediate, and favorable cytogenetics) and age groups, including those
75 years old [8].

7.3.2 Decitabine

Decitabine, developed in 1964, was also first explored in AML patients. The
Phase III registration trial for MDS randomized 89 patients to receive decitabine, and
81 patients to receive supportive care [9]. Patients received decitabine at a dose of
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15 mg/m2 every 8 h over 3 days, and repeated every 6 weeks. Using IWG criteria,
CRs occurred in 9%, PRs in 8%, and hematologic improvement in 13% of patients,
for an ORR of 30%. As with azacitidine, the major toxicities of decitabine were
hematologic, but unlike azacitidine, there was not a significant delay in transfor-
mation to AML or death in this study. Since the two drugs are biologically similar,
this difference is often attributed to variation in the patient population enrolled to
each study (earlier MDS patients in the decitabine study) and to an inadequate
number of cycles of decitabine administration (median of 2). Alternate dosing
schedules, including once-daily dosing of decitabine over 5 days in 28-day cycles,
were explored in higher risk patients given a median of >5 cycles of therapy, which
yielded CR rates equivalent or better than those seen with azacitidine.

A Phase III study in higher risk patients with MDS was conducted in Europe,
comparing 119 patients treated with decitabine at the registration study dosing
schedule, to 114 patients randomized to best supportive care. While the CR + PR
rate was 23% (similar to azacitidine), the study was unable to demonstrate a sur-
vival advantage, with patients randomized to drug living a median of 10.1 months
and those randomized to the best supportive care living a median of 5.8 months
(hazard ratio: 0.88, P = 0.38). Progression-free survival (PFS), but not AML-free
survival (AML-FS), was significantly prolonged with decitabine compared to the
best standard of care (median PFS: 6.6 versus 3.0 months, respectively; HR: 0.68;
95% CI: 0.52–0.88; P = 0.004; median AML-FS, 8.8 versus 6.1 months, respec-
tively; HR: 0.85; 95% CI: 0.64–1.12; P = 0.24). AML transformation was signif-
icantly reduced at 1 year (from 33% with best standard of care to 22% with
decitabine, P = 0.036) [10].

Recently a single center phase II study of decitabine (20 mg/m2 for 10 consecutive
days) was conducted in 116 patients with transfusion-dependent MDS (n = 26),
AML (� 60 years old; n = 54), or relapsed AML (n = 36) [11]. In this trial, response
rates were higher in patients with TP53mutation (100% of 21 patients) or unfavorable
cytogenetics (67% of 43 patients) than in patients with intermediate or favorable risk
cytogenetics (34%) and wild-type TP53 (41%). Maximum clinical response required
at least two, and often three or four treatment cycles.

An oral formulation of decitabine combined with the cytidine deaminase inhi-
bitor cedazuridine has similar pharmacokinetics as intravenous decitabine and was
approved recently by the FDA for adults with MDS.

7.3.3 Combination Therapy with HMA

Given the low response rates as well as only modest survival impact of HMA
therapy alone, there have been attempts to combine additional agents with HMA.
A phase II trial of azacytidine (75 mg/m2/d � 5 days) in combination with
lenalidomide (10 mg/d � 21 days (28-day cycle) was conducted in patients with
higher risk MDS [12]. This study demonstrated the overall response rate (per
modified MDS IWG criteria) of 72% (CR: 44%), median CR duration of 17
+ months (range: 3–39+), and median OS of 37+ months (range: 7–55+) for CR
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patients, 13.6 months for the entire cohort (range: 3–55). A three-arm randomized
phase II study by The Southwest Oncology Group (SWOG) evaluating azacytidine
alone or in combination with lenalidomide or with vorinostat for higher risk
myelodysplastic syndromes failed to show clinical advantage of the combination
therapy over the control group (azacitidine alone) [12]. Recently, HMA in com-
bination with the Bcl-2 inhibitor venetoclax showed favorable result in AML [13],
and this promising combination is being explored in high-risk MDS.

Although these results from HMA trials represent an important advancement in
treatment of patients with MDS, 40–50% of patients did not respond to therapy, and
most responders experienced disease progression within 2 years of response [14].
In another study, 435 patients with high-risk MDS and formerly classified as
refractory anemia with excess blasts in transformation (RAEB-T) were evaluated
for outcome after azacitidine failure [15]. The cohort of patients included four
different datasets including AZA001, J9950, and J0443 trials and the French
compassionate use program. With the median follow-up after azacitidine failure of
15 months, the median OS was 5.6 months, and the 2-year survival probability was
15%. Data on treatment administered after azacitidine failure were available for 270
patients, demonstrating a better outcome associated with allogeneic HCT and
investigational agents compared with conventional clinical care.

7.4 Allogeneic HCT

Allogeneic HCT is the only curative therapy available for patients with MDS.
However, this treatment is associated with significant risks of transplant-related
mortality/morbidity due to engraftment failure, graft-versus-host disease (GVHD),
infections, and regimen-related toxicities [16]. As a result, HCT has been generally
offered to more fit/younger patients with higher risk disease, and such practice is
supported by decision analysis studies in recipients of both myeloablative condi-
tioning (MAC) and reduced intensity conditioning (RIC) HCT [17, 18]. Both
patient- and disease-specific factors play integral role in decision-making whether
to offer or recommend HCT to a patient with MDS and in predicting transplant
outcome [19]. With the recent advances in supportive care, use of RIC regimens,
and availability of unrelated and alternative donors (i.e., haploidentical donors),
more patients are undergoing HCT now as compared to the past [20–23].

As MDS is generally a slowly progressive disease, and HCT is associated with a
significant upfront risk for mortality, the decision-making process for HCT versus
no HCT, and optimal timing of HCT remains complex and requires individualized
discussions, based on both the patient- and disease-specific criteria.
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7.4.1 Who Should Be Considered for Allogeneic HCT?

Patient-Specific Factors: Currently, there is no specific age cut-off for HCT. With
advances in supportive care, and use of RIC regimens, even “older” patients can
undergo HCT with good outcomes. Studies have shown that older patients between
60 and 70 years of age who have higher risk disease by the IPSS scoring system
benefit from HCT with RIC regimen with improved outcome as compared to the
patients in same age range who underwent a non-transplant-based therapy [18].
Multiple indices have been developed to predict transplant outcome based on
patient comorbidities but the comorbidity index (HCT-CI) developed by Sorror
et al. has shown prognostic significance in clinical studies and is being widely used
to predict transplant outcome and risk of mortality [20–26].

Disease-Specific Factors: The most important disease-specific factor in MDS is
the risk of transformation to acute myeloid leukemia (AML), which would directly
affect the survival. Various models have been developed to risk stratify patients
with MDS based on disease characteristics predicting survival. These models
include the IPSS-, R-IPSS-, and World Health Organization (WHO) classifica-
tion-based Prognostic Scoring System (WPSS) [2, 24, 25]. Since somatic mutations
have shown to predict the risk of progression and response to therapy, an updated
scoring system including somatic mutations is being developed.

Patients who have prolonged transfusion-dependent cytopenia refractory to
growth factors or HMA are candidates for allogeneic HCT [26]. Percentage of bone
marrow myeloblasts is included in the abovementioned scoring systems, but the OS
after HCT does not seem to depend on the percentage of myeloblasts in the marrow
except in patients with bone marrow myeloblast of less than 5%, where OS seems
to be better [27]. Monosomy and complex karyotypes predict poor outcome in
MDS secondary to poor response to therapy and increased risk of relapse and
reduced survival after HCT. Multiple somatic mutations have been identified in
patients with MDS that affect survival, response to therapy, and outcome after HCT
[28–32]. Mutations in genes ASXL1, SRSF2, RUNX1, U2AF1, and TP53 are
associated with poor prognosis [32]. Combination of TP53 mutation with complex
karyotype is associated with very poor prognosis especially in post-HCT setting
[30]. SF3B1 mutations are associated with favorable prognosis [32]. IDH 1, IDH 2,
TET 2, and DNMT3A are associated with multilineage dysplasia [32].

Koreth et al. reported the outcome of RIC HCT in elderly patients with MDS, with
respect to IPSS and concluded that favored therapy in this patient population varieswith
the IPSS risk.[18] A total of 514 patients between ages 60 and 70 years with de novo
MDS were evaluated. Patients with CMML, isolated 5q- syndrome, unclassifiable
MDS, therapy-related MDS and patients who underwent alternate donor HCT were
excluded. Outcome of RIC HCT (n = 132) stratified by the IPSS risk was compared
with best supportive care for patients with non-anemic low/intermediate-1 IPSS
(n = 123), hematopoietic growth factors for patients with anemic low/intermediate-1
IPSS (n = 94), and hypomethylating agents for patients with intermediate-2/high IPSS
(n = 165). For patients with low/intermediate-1 IPSS MDS, RIC HCT life expectancy
was 38 months versus 77 months with non-HCT approaches. For intermediate-2/high
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IPSSMDS, RIC HCT life expectancy was 36 months versus 28 months for non-HCT
therapies. In conclusion, for low/intermediate-1 IPSS, non-HCT therapy is preferred,
whereas for intermediate-2/high IPSS, RIC HCT offers overall and quality-adjusted
survival benefit.

Donor Selection: Human leukocyte antigen (HLA) matching serves as the basis
of donor identification for allogeneic HCT [33, 34]. Potential donors for allogeneic
HCT include matched related/sibling donors (MSD), matched unrelated donor
(MUD) from the donor registry, and alternative donors including haploidentical-
related donors (haplo), mismatched unrelated donors (MMUD), and cord blood
units. Multiple factors that help selecting the best donor include donor’s age,
gender, degree of HLA match with the recipient [35], ABO blood group, and
cytomegalovirus (CMV) serostatus. Algorithms have been developed to select the
best donor for HCT [36, 37]. A matched young sibling donor is preferred as first
choice. As most patients with MDS are older, and a younger MSD may not be
available, a MUD would be preferred [20]. Syngeneic donor HCT has been per-
formed in MDS patients with good outcome [38, 39]. Studies have shown com-
parable outcomes with MSD and MUD transplants [40].

Timing of HCT: Patients diagnosed with MDS may be recommended to undergo
HCT either at the time of diagnosis or at disease progression. Timing of HCT
depends on multiple patient and disease factors. Patients who have lower risk
disease on R-IPSS at the time of diagnosis and hence lower risk of progression to
acute leukemia are usually recommended to undergo HCT at the time of progres-
sion. This approach has been shown to offer survival benefit secondary to
non-relapse mortality (NRM) associated with earlier HCT [41]. These patients are
best managed with supportive care or novel agents developed for this risk group as
discussed later in this chapter. There may be high-risk features in some otherwise
lower risk patients such as severe transfusion-dependent anemia, severe neutrope-
nia, and high-risk genetics that may encourage the treating physician to consider an
earlier HCT. Patients who have higher risk disease at the time of diagnosis are
recommended to undergo allogeneic HCT at the time of diagnosis, if otherwise
eligible for this intensive therapy [42]. These patients usually undergo therapy with
HMA while waiting for donor availability. The timing of transplant is not clear for
patients with intermediate-risk disease with some studies showing benefit of an
early transplant [41], and some otherwise [17]. Also, somatic mutations are still not
a part of the IPSS, and data shows that presence of some mutations may be higher
risk in otherwise low- or intermediate-risk disease, different physicians and centers
may have different opinions regarding the role of early HCT in this patient popu-
lation, in the absence of published guidelines.

Role of Pre-HCT Cytoreductive Therapy: Several retrospective studies have
shown that the percentage of myeloblasts in the marrow at the time of diagnosis in
patients with MDS predicts outcome after allogeneic HCT [43, 44]. Percentage of
marrow myeloblasts is hence included in the IPSS [2], and cytoreductive therapy
may be used in pre-HCT setting to reduce the marrow blast burden. It is important
to note that experts recommend against pre-HCT cytoreductive therapy in high-risk
MDS patients with less than 10% marrow blasts [26].
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The patient described above (case 1) had multiple high-risk features, including
transfusion-dependent anemia, high marrow myeloblast percentage, very high-risk
cytogenetics, as well as high-risk somatic mutations. Based on these high-risk
features allogeneic HCT was recommended and urgent donor search was initiated.
Patient underwent therapy with HMA during the donor search period.

7.5 CASE 2—Low-Risk MDS with Cytopenia

A 75-year-old female presented with fatigue, exertional shortness of breath, gen-
eralized weakness, and macrocytic anemia. Her complete blood count showed
hemoglobin of 8.5 g/dl, MCV of 108 fl, WBC count of 3500/µL, and platelet count
of 176,000/µL. Review of peripheral blood smear showed a few dysplastic neu-
trophils, macrocytosis, and no circulating blasts. Bone marrow biopsy showed
increased cellularity with dysplastic features in erythroid and granulocyte precur-
sors, with no increase in the blast percentage. Cytogenetics analysis showed del
(11q), but NGS panel did not identify any mutations. Serum erythropoietin level
was at 95. This patient’s IPSS-R score is 1 which stratifies her into very low-risk
group. Median survival is 8.8 years. She was initiated on treatment with
erythropoiesis-stimulating agent (ESA).

7.6 Discussion

Patients with lower risk MDS have low risk of transformation to AML. However,
they need to be closely monitored and supportive care is an essential part of the
management for these patients. Supportive care involves close monitoring of blood
counts, adequate transfusion with blood products, monitoring for iron overload, and
use of growth factors when needed.

Transfusion Support: Patients with MDS may present with varying degrees of
cytopenia which may be uni- or multilineage. Also, patients may be asymptomatic
with milder forms of cytopenia, which could be detected incidentally on routine
blood tests. Patients with MDS and asymptomatic mild cytopenia can be closely
observed without any therapy with monitoring of blood counts until development of
progressive symptomatic disease [1]. Anemia is the most common cytopenia
requiring intervention in low-risk MDS. Patients who are transfusion dependent
need to have regular monitoring of blood counts and symptom-guided transfusions
and other supportive therapies.

Iron overload: Ineffective erythropoiesis requiring frequent red cell transfusions
over a period of time can lead to iron overload with a risk of secondary compli-
cations particularly in low-risk MDS patients since they enjoy prolonged survival.
Ineffective erythropoiesis resulting in increased iron absorption also contributes to
iron overload in a subset of these patients who may not be transfusion dependent
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[45, 46]. Free iron species can be toxic to organs and can cause liver cirrhosis,
endocrinopathies, cardiomyopathy, and bone disorders [46], so it is very important
to monitor for iron load and institute therapy in time to prevent complications.
There is recent in vitro evidence that iron overload may impair hematopoiesis as
well by impairing hematopoietic stem cell function [47]. Persistent dependence on
transfusions and elevated ferritin levels have been shown to be associated with
reduced survival especially in patients with lower risk MDS [48]. Oral and par-
enteral iron chelating agents are available for use and clinical trials have shown the
feasibility of using deferasirox to lower iron burden in MDS [49, 50]. Retrospective
analysis of these trial data has shown improvement in hematopoiesis sometimes
multilineage, in a subset of chelated patients [49, 50]. Clinical guidelines recom-
mend using an iron chelating agent in patients with transfusion-dependent MDS for
ferritin levels > 1000–2500 ng/ml [45]. The randomized, double-blind, phase
II TELESTO trial evaluated the safety and efficacy of deferasirox versus placebo in
225 patients with low or intermediate-1 risk MDS with a transfusion history of 15–
75 packed red blood cell units; a serum ferritin of >1000 ng/mL; and normal
cardiac, liver, and renal function. Most patients (72.4%) had intermediate-1-risk
disease, and mean age of 61 years. Following a 2:1 randomization, patients
received either deferasirox 10 to 40 mg/kg per day (n = 149) or placebo (n = 76).

Participants in the deferasirox group experienced a significantly longer median
event-free survival (EFS), compared with the placebo group: 1,440 days versus
1,091 days (HR] = 0.64; 95% CI 0.42–0.96; p = 0.01). The 3-year estimated rate
of EFS also was greater with deferasirox (61.5 vs. 47.3%), median overall survival,
however was not significantly different between the deferasirox and placebo groups
(1,907 days vs. 1,509 days; HR = 0.83; 95% CI 0.54–1.28]; p = 0.2) [51].

Growth Factor Support: For patient with anemia, the initial treatment is often an
erythropoiesis-stimulating agent such as erythropoietin or darbepoetin if serum
erythropoietin level is less than 500 units [1, 52]. Low-risk MDS patients, who have
erythropoietin levels of less than 100, are most likely to respond to therapy with
erythropoietin [1]. About half of these patients who receive growth factor support
respond to the treatment with median duration of response of 20–24 months [53].

In patients with MDS who have neutropenia, the absolute neutrophil count
responds to myeloid growth factors such as filgrastim (GCSF) but this response
does not significantly affect risk of infection and survival [1, 54]. Risk of pro-
gression to acute leukemia with the use of myeloid growth factors has been pos-
tulated and there is some indication in vitro [55–57] but there has not been a clear
clinical evidence. A combination of erythropoietin and GCSF has shown to
improve survival in patients with MDS, especially in the patients who require two
or less red cell transfusions in 1 month [58]. Similarly, thrombopoiesis-stimulating
agents (TPO mimetics) such as eltrombopag or romiplostim have been used in
patients who have thrombocytopenia and are platelet transfusion dependent [59–
62]. These agents have shown to reduce significant bleeding events, as well as the
need for platelet transfusion. It has been shown in clinical studies that the dose of
TPO mimetics required to achieve a response in patients with MDS is much higher
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compared to the dose needed for immune thrombocytopenia [63]. There is, how-
ever, concern that TPO mimetics could accelerate progression to AML [64].

Infection prophylaxis: Patients with MDS are at a higher risk of infection
compared to their counterparts secondary to neutropenia and impaired neutrophil
function. Infections can increase morbidity and mortality in this population [65].
Quinolones are most frequently used as infection prophylaxis in patients with
neutropenia [65].

Other therapeutic options: Patients with unchanged transfusion needs on growth
factors, or patients who lose response over time to the growth factors should be
evaluated for either immune suppressive therapy, HMAs, or other agents that have
not been approved for this indication but have been studied. For example, response
to therapy with lenalidomide has been evaluated in patients with low-risk MDS who
do not have del(5q), and has shown improvement in transfusion requirement
in 26% of these patients [66]. The use of immunosuppressive therapy (IST) was
analyzed in a large multicenter retrospective study that included 207 patients treated
with IST. Red cell transfusion independence was associated with a hypocellular
bone marrow (cellularity <20%). Horse ATG plus cyclosporine was more effective
than rabbit ATG or ATG without cyclosporine. Other factors such as age, presence
of paroxysmal nocturnal hemoglobinuria, or large granular lymphocytosis clones
and HLA DR15 positivity did not predict response to IST [67]. A phase II clinical
study randomized the low- and intermediate-risk MDS patients to low-dose deci-
tabine versus low-dose azacytidine [68]. There were 81% intermediate-1 risk in this
cohort. The overall response rates (ORRs) were 70 and 49% (P = 0.03) for patients
treated with decitabine and azacitidine, respectively. Rate of transfusion indepen-
dence was 32 and 16%, respectively (P = 0.2). Cytogenetic response rates were 61
and 25% (P = 0.02), respectively. With a median follow-up of 20 months, the
overall median event-free survival (EFS) was 18 months: 20 and 13 months for
patients treated with decitabine and azacitidine, respectively (P = 0.1).

7.6.1 Luspatercept

Luspatercept is a fusion protein that blocks transforming growth factor-beta
(TGF-b) superfamily signaling by binding to the ligands of the activin II receptor.
This altered signaling improves anemia by rescuing late erythroid precursors from
apoptosis thereby increasing erythropoiesis in some patients with lower risk MDS.
In a phase II study of Luspatercept for the treatment of lower risk MDS, 63% of the
patients demonstrated an erythroid response according to the IWG criteria [69]. In a
recently reported phase III trial of 229 patients with MDS with ringed sideroblasts
(RS) (defined as � 15% RS or � 5% RS with SF3B1 mutation) and very low, low
or intermediate risk by IPSS, who were randomized (luspatercept: n = 153, pla-
cebo: n = 76), transfusion dependence for � 8 weeks was achieved in 38% of the
patients in the luspatercept group compared with 13% in the placebo group
(p < 0.001). Luspatercept was well tolerated with the most common adverse events
including fatigue, diarrhea, asthenia, nausea, and dizziness [70]. Luspatercept is
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now approved for the treatment of anemia in patients with very low- to
intermediate-risk MDS-RS patients who have failed an erythropoiesis-stimulating
agent and require two more units of red cell transfusion in a period of 8 weeks.

Sotatercept is another novel agent that has shown promising results in improving
anemia in patients with lower risk MDS and further studies are ongoing [71].

Treatment goals for patients with low-risk MDS include achieving transfusion
independence, improvement in cytopenias, and improved quality of life. The patient
described as Case 2 has lower risk MDS and has EPO level <100 and would be a
candidate for initial therapy with an ESA.

7.7 CASE 3—Del(5q) Syndrome

A 78-year-old female presented with generalized weakness, mild exertional short-
ness of breath, and anemia. Her complete blood count showed hemoglobin of
6.5 g/dL, MCV of 99fL, WBC count of 3500/µL, and platelet count of 531,000/µL.
Review of peripheral blood smear showed dysplastic neutrophils, macrocytosis, and
no circulating blasts. Bone marrow biopsy showed increased cellularity with dys-
plastic features in erythroid precursors, increased thrombopoiesis with no increase
in blast percentage. Cytogenetics showed del(5q). NGS panel showed no mutations.
Serum erythropoietin level was at 450.

7.8 Discussion

Some patients with lower risk MDS who have anemia are found to have the
cytogenetic abnormality of del(5q32-33), and mildly elevated platelet count, which
is commonly referred to as del(5q) syndrome [72, 73]. Identifying this abnormality
is important as most of these patients respond very well to therapy with lenalido-
mide [74–78]. Lenalidomide induces degradation of casein kinase 1A1 which
preferentially affects 5q- cells since they are haplo-insufficient for this enzyme by
virtue of the chromosomal deletion [79]. Lenalidomide has shown to reduce
transfusion need, and *65–70% of the patients become transfusion independent
after lenalidomide treatment [74, 75, 78]. Lenalidomide can induce cytogenetic
remission in *30–40% of these patients [74, 75], and has shown to reduce the risk
of transformation to acute leukemia as well as increased survival in patients with
lower risk MDS who have del(5q) [80]. It is important to note that patients who
have higher risk MDS with del(5q) as part of complex karyotype or have increased
marrow blasts, or in association with TP53 mutation do not respond well to therapy
with lenalidomide unlike lower risk patients with del(5q) as the sole cytogenetic
abnormality. Most common side effects are fatigue, neutropenia, thrombocytopenia,
diarrhea, and pruritus. Neutropenia and thrombocytopenia usually improve with
dose adjustment. Although venous thromboembolism was seen, the incidence is
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much lower than the multiple myeloma population possibly because dexametha-
sone is not added to the therapy or because lenalidomide is used at much lower
doses for patients with MDS.

7.9 Clonal Cytopenia Versus MDS

Somatic mutations are frequently acquired in hematopoietic cells with aging that
leads to clonal expansion. Clonal hematopoiesis has shown to be associated with an
increased risk of subsequent diagnosis of hematological malignancies and increased
mortality, including mortality from cardiovascular disease. Most of these older
adults who acquire clonal hematopoiesis during aging do not develop features of
MDS like cytopenia and dysplasia and can be considered to have clonal hemato-
poiesis of indeterminate potential (CHIP). CHIP patients may have one of many
stem cell mutations found in MDS without fitting in the diagnostic criteria of MDS.
The most common are mutations in DNMT3A, TET2, and ASXL1. Clonal cytopenia
of undetermined significance (CCUS) denotes cytopenia in patients with CHIP who
have no features of dysplasia.[81] Differentiation between these different entities
characterized by clonal hematopoiesis is shown in Chap. 1, Table 1.4.

7.10 Novel Agents for MDS

Various novel agents are in early stages of clinical development for MDS. Based on
early clinical trial data, promising among them include the Bcl-2 inhibitor vene-
toclax, the anti CD47 antibody magrolimab, the p53 activator APR-246, and the
anti-TIM-3 antibody (MBG 453, sabatolimab) [82–85].
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8.1 Introduction and Epidemiology

The World Health Organization (WHO) defines chronic lymphocytic leukemia
(CLL) as a low-grade leukemic lymphoproliferative disorder that is distinguishable
from small lymphocytic lymphoma (SLL) by its leukemic presentation [1]. The
latter is essentially a lymph nodal form of the same disease. CLL/SLL is a disease
of malignant clonal B lymphocytes and is the most common hematologic malig-
nancy of the Western world with an incidence of about 5/100,000 persons per year
in the United States [2]. Incidence increases with age significantly and the median
age at diagnosis is 72 years although about 10% CLL/SLL patients present at
age < 55 years. There is a male predominance in an approximately 2:1 ratio. The
incidence is higher among Caucasians than other races. About 10% of patients with
CLL/SLL report a family history of some lymphoproliferative disorder, so it is
suspected that some genetic predisposition occurs in individuals although the exact
etiology of CLL/SLL development is largely unknown [3].

8.2 Workup and Diagnosis

Some lymphoproliferative disorders like hairy cell leukemia or the leukemic phases
of mantle cell lymphoma, marginal zone lymphoma, or follicular lymphoma, can
sometimes masquerade as CLL/SLL and therefore it is critical that correct diagnosis
is made given the differences in treatment as well as prognosis. All patients should
undergo a history and physical examination (historical review of prior complete
blood counts [CBC] may shed some light on how long the patient may have had
lymphocytosis for before the actual diagnosis of CLL/SLL) as well as laboratory
testing for CBC, peripheral blood smear review, and peripheral blood flow
cytometry/immunophenotyping. A bone marrow biopsy is typically not needed to
diagnose CLL but should be performed if another lymphoproliferative disorder is
strongly suspected as well as for the evaluation of cytopenias, especially prior to
starting any therapy. Also, bone marrow biopsy is recommended in patients with
persisting cytopenias after treatment in order to uncover disease-related versus
therapy-related causes.

The diagnosis of CLL requires peripheral blood lymphocytosis with the presence
of � 5000 monoclonal B-cells/µL for at least 3 months duration. The leukemia
cells in peripheral blood are typically small, mature lymphocytes with scant cyto-
plasm, dense chromatin, and lack prominent nucleoli. Admixed with these mature
lymphocytes, there may be some larger or atypical lymphocytes, cleaved lym-
phocytes, or prolymphocytes. Prolymphocytes in excess of 55% of total lympho-
cyte count would favor a diagnosis of B-cell prolymphocytic leukemia (B-PLL).
Cellular debris called “smudge cells” is often found in the peripheral blood smear of
CLL patients.

134 T. Siddiqi



Presence of monoclonal lymphocytosis but with <5000 B-cells/µL in the
peripheral blood and no accompanying lymphadenopathy or organomegaly by
physical examination or radiographical imaging, cytopenias, or disease-related
symptoms is defined as monoclonal B-lymphocytosis (MBL). The incidence of
MBL in the United States is about 3.5% in individuals younger than 40 years and
increases with age [4]. In Europe, depending on the sensitivity of the test used, the
prevalence ranges from 6.7 to 12% in individuals older than 40 years of age.
Progression of MBL to frank CLL can occur at a rate of 1–2% per year. The
presence of lymphadenopathy and/or splenomegaly with or without peripheral
blood lymphocytosis (if present, must be <5000 B-cells/µL of total lymphocytes)
may be pure SLL and should be diagnosed formally with a lymph node biopsy. The
presence of any cytopenia caused by bone marrow infiltration by disease is con-
sistent with a diagnosis of CLL regardless of the peripheral blood B-lymphocytosis
level or the presence/absence of lymphadenopathy.

8.2.1 Immunophenotyping

Leukemic cells of CLL co-express the T-cell antigen CD5 along with the B-cell
surface antigens CD19, CD20, and CD23. These clonal leukemic cells express either
surface kappa or lambda immunoglobulin (Ig) light chains with variable intensity.
Levels of surface immunoglobulin (Ig), CD20, and CD79b are characteristically of
low intensity in CLL cells compared with normal B-cells. In contrast, B-PLL cells do
not express CD5 in 50% cases and have brighter CD20 and surface Ig expression.
On the other hand, leukemic mantle cell lymphoma cells do not express CD23 even
though they do co-express other B-cell surface antigens and CD5.

8.2.2 Additional Testing

If indicated, baseline testing should also include direct antiglobulin (Coombs) test,
lactate dehydrogenase (LDH), haptoglobin, reticulocyte count, and bilirubin to
evaluate for the presence of associated autoimmune hemolytic anemia. Quantitative
immunoglobulin levels should be measured periodically to follow progressive
hypogammaglobulinemia and/or any monoclonal gammopathy.

8.3 Prognostic Factors

8.3.1 Cytogenetics/FISH

Interphase FISH assessment of CLL cells can show cytogenetic abnormalities in
more than 80% of cases. The most common abnormality is a deletion in the long
arm of chromosome 13 (del13q14) (*55%) that harbors the miRNAs miR-15a and
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16–1, which may be involved in the pathogenesis of CLL/SLL [5]. In general,
isolated del13q is a good prognostic marker characterizing a benign disease course
and is often found early in the course of the disease.

Other aberrations include:

• trisomy of chromosome 12 (+12; 10–20%)—prognostic relevance of this is
uncertain;

• deletion in the long arm of chromosome 11 (del11q23; 10–25%) harboring the
ATM gene—these patients typically have bulky lymphadenopathy, rapid disease
progression, and reduced overall survival;

• deletion in the long arm of chromosome 6 (del6q); and
• deletion in the short arm of chromosome 17 (del17p13; 5–10%) harboring the

tumor suppressor gene TP53—del17p is considered the most significant negative
prognostic factor in CLL. The TP53 protein normally responds to DNA damage
by inducing cell cycle arrest and facilitating DNA repair. It can also induce
apoptosis in cells with damaged DNA and in this way, mediates the cytotoxicity
of many anticancer agents. Resistance to treatment is a characteristic of TP53
deletion and has been observed for conventional chemotherapeutic agents
including purine analogs (del11q can also confer some resistance to standard
chemoimmunotherapy regimens, especially those containing purine analogs).
Deletion 17p typically occurs upon relapse after therapy or at the time of disease
progression (clonal evolution), although it can be an initial cytogenetic abnor-
mality in *5% of patients. A subset of patients may have very poor prognostic
TP53 gene mutations (4–37%) that can be missed on FISH analysis and,
therefore, it is advisable to perform next-generation sequencing in addition to
FISH before any new treatment is undertaken as there could be therapeutic
ramifications of del17p and TP53 mutations. TP53 mutations are associated with
higher genomic complexity in CLL.

8.3.2 IGHV Mutation Status

Somatic hypermutation of the immunoglobulin heavy chain variable region (IGHV)
is a normal process in B-cell physiology and is responsible for the diverse
immunoglobulin pool. CLL cells that retain this normal process (mutated IGHV)
have a better prognosis than CLL cells that lack this genetic feature (unmutated
IGHV).

8.3.3 Lymphocyte Doubling Time

A lymphocyte doubling time of < 12 months is associated with a poor prognosis.
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8.3.4 Other Prognostic Markers

Next-generation sequencing has led to the identification of novel somatic mutations
that can predict the behavior of CLL/SLL in patients [6]. NOTCH 1 mutations are
the most frequent somatic aberrations in CLL, affecting 5–10% newly diagnosed
patients, 15–20% of progressing patients in need of frontline therapy, and 30% of
Richter transformation patients [7]. SF3B1 is another recurrently mutated gene in
CLL/SLL (5–10% newly diagnosed patients, 15% progressing patients in need of
frontline therapy, and 20–25% relapsed and fludarabine-refractory patients). In
addition to the poor prognostic effects of mutations in DNA-repair genes (TP53 and
ATM), NOTCH 1-activating mutations can lead to apoptosis resistance with
increased survival of tumor cells. Clinically, NOTCH 1-mutated CLL/SLL patients
show features associated with poor prognosis and have a high risk of Richter
transformation and poor outcome [6, 7]. NOTCH 1 mutations are associated with
unmutated IgVH and trisomy 12, while SF3B1 mutations are more preferentially
associated with del11q and ATM mutations [7]. The precise biological consequence
of SF3B1 mutations in CLL is currently unknown.

ZAP70: This is a T-cell receptor-associated protein tyrosine kinase that is
involved in intracellular signaling. Expression of ZAP70 confers a poor prognosis
as it is thought to be correlated with unmutated IGHV status in 70% of cases.
However, this test has poor reproducibility across different laboratories.

CD38 expression: CD38 is a cyclic ADP ribose hydrolase expressed on the cell
surface and is detectable by flow cytometry. Expression of CD38 is also correlated
with unmutated IGHV status in 70% of cases and so also confers a poor prognosis.

Beta 2-microglobulin (B2M): levels >3.5 mg/L are associated with a poorer
prognosis.

CD49d: CD49d is expressed in *40% of CLL cases and is a strong independent
prognostic marker of survival and treatment need/response in CLL at levels above
30% [8, 9].

Bone marrow biopsy: Typically, >30% of nucleated cells in the bone marrow
are CLL/SLL cells. Diffuse pattern of marrow infiltration reflects tumor burden and
maybe prognostic but the above-mentioned newer markers have superseded the
prognostic value of bone marrow biopsies in general.

8.3.5 Disease Stage

Rai and Binet staging systems are the commonly used staging systems and both
divide CLL/SLL patients into low-, intermediate-, and high-risk categories (see
Tables 8.1 and 8.2). The CLL International Prognostic Index (CLL IPI) is a pre-
dictor of overall survival (OS) and is depicted in Table 8.3.

Prognostic scores range from 0 to 10 and identify 4 risk groups with significantly
different rates of OS at 5 years (p < 0.001 for all): low-risk patients (score 0–1),
93.2% (95% CI 90.5–96.0); intermediate risk (score 2–3), 79.3% (95% CI 75.5–

8 Chronic Lymphocytic Leukemia (CLL): Biology and Therapy 137



83.2); high risk (score 4–6), 63.3% (95% CI 57.9–68.8); very high risk (score 7–
10), 23.3% (95% CI 12.5–34.1).

8.4 Case 1: Good Risk CLL, Previously Untreated

A 61-year-old man was noted to have lymphocytosis on routine annual laboratory
studies 10 years prior to presentation. White blood cell (WBC) count was 16,000/
µL and lymphocytes comprised 60% of all WBC. He was asymptomatic and had no
associated anemia or thrombocytopenia. There was no hepatosplenomegaly
(HSM) or lymphadenopathy (LAD) on physical examination. Workup with
peripheral blood flow cytometry showed B-cell CLL with monoclonal B cells
co-expressing CD5, CD19, and CD23. CD20 expression was dim. Cytogenetics

Table 8.2 Rai staging system

Rai stage Risk category Clinical features

0 Low Lymphocytosis alone

1 Intermediate Lymphadenopathy

2 Intermediate Hepatosplenomegaly

3 High Anemia (<11 g/dl)

4 High Thrombocytopenia (<100,000/µL)

Table 8.3 CLL-international prognostic index

Variable Adverse factor Score

Age >65 years 1

Clinical stage Binet B/C or Rai I-IV 1

17p13 deletion and/or TP53 mutation Deleted and/or mutated 4

IGHV mutation status Unmutated 2

B2M level (mg/L) >3.5 mg/L 2

Table 8.1 Binet staging system

Binet
stage

Clinical features

A Hemoglobin � 10 g/dL, platelets � 100/L, <3 areas of lymphadenopathy/
organomegalya

B Hemoglobin � 10 g/dL, platelets � 100/L, � 3 areas of lymphadenopathy/
organomegalya

C Hemoglobin <10 g/dL, thrombocytopenia (<100,000/µL), or both
anodal areas: cervical [head and neck], axillary, inguinal (including femoral lymph nodes), spleen,
liver
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and fluorescence in situ hybridization (FISH) showed del13q only. He was main-
tained on active surveillance over the years. More recently, IGHV testing was
performed and found to be mutated. His WBC count now is 23,000/ µL and
lymphocytes comprise 75% of all WBC. He is still asymptomatic and remains free
of anemia, thrombocytopenia, B symptoms, LAD, and HSM. He continues with
observation alone for stage 0 CLL.

8.5 Case 2: Poor Risk CLL, Previously Untreated

A 73-year-old man noted enlarged neck lymphadenopathy, 10-lb weight loss, and
night sweats over a period of 6 months. He complained of left upper quadrant
discomfort and on physical examination was found to have splenomegaly (palpable
3 cm below left subcostal margin). He underwent a lymph node biopsy of a 2.5-cm
left cervical lymph node which revealed small lymphocytic lymphoma (SLL). His
laboratory studies at diagnosis showed a white count of 23,000/µL with 75%
lymphocytes on the differential count. Peripheral blood flow cytometry confirmed
CLL with monoclonal B cells co-expressing CD5, CD19, and CD23.
Cytogenetics/FISH at diagnosis showed del11q and IGHV analysis showed
unmutated IGHV. Next-generation sequencing was performed and revealed
NOTCH- 1 mutation. Hemoglobin at diagnosis was 10.5 g/dL and platelet count
was 111,000/µL. Over the next 3 months, his WBC count rose to 55,000/µL and he
complained of drenching night sweats 2–3 nights a week. His anemia worsened to
9.5 g/dL with no evidence of immune hemolysis or another etiology for anemia.
Platelet count was now lower at 95,000/µL and his neck lymph nodes were also
appreciably bigger.

8.6 Indications for Treatment of CLL/SLL

See Table 8.4.

Table 8.4 General indications for initiation of treatment in CLL (IWCLL 2018)

Indication Description Precautions

Bone marrow
failure

Anemia (e.g., Hb <10 g/dL)
and/or thrombocytopenia
(e.g., <100,000/µL and dropping)

Require bone marrow study to
confirm bone marrow failure

Symptomatic
disease

Unintentional weight loss >10%
during the past 6 months

Exclude other causative
pathologies, e.g., sleep disorder

Fatiguea: ECOG performance
status � 2; cannot work or
perform usual activities

depression, hypothyroidism,
chronic infection/inflammation

(continued)

8 Chronic Lymphocytic Leukemia (CLL): Biology and Therapy 139



8.7 Frontline Treatment Options for CLL/SLL

Before approval of Bruton tyrosine kinase (BTK) inhibitors and venetoclax, most
patients with CLL received chemoimmunotherapy as their frontline regimen. The
choices included combinations of alkylating agents, nucleoside analogues, and anti
CD20 antibodies. Some of the common regimens were FCR (fludarabine,
cyclophosphamide, rituximab) for younger patients, BR (bendamustine, rituximab)
for fit, older patients, and chlorambucil with rituximab for unfit, older patients.
While these regimens may still be appropriate for some younger, low-risk CLL
patients, particularly in resource-poor settings, the current strategy is, to avoid the
use of conventional chemotherapeutic agents. For Stage 0, asymptomatic patients
like the patient described in Case 1 above, the recommendation still is observation
alone until there is an indication for therapy.

Table 8.4 (continued)

Indication Description Precautions

Fevers >38 °C for � 2 weeks
without evidence of infection

Night sweats for >1 month
without evidence of infection

Splenomegaly Massive (>6 cm below the left
costal margin) or symptomatic
(abdominal distention, early
satiety, pain) or progressive

Lymphadenopathy Massive (>10 cm in longest
diameter) or symptomatic or
progressive

Exclude infectious lymphadenitis
and transformation to diffuse large
B-cell lymphoma

Progressive
lymphocytosis

Increase in absolute lymphocyte
count (ALC) of >50% in
2 months or lymphocyte
doubling time
(LDT) of <6 months

Baseline ALC for calculation of
LDT must be >30 � 109/L. LDT
needs to be determined by using
multiple serial ALC counts (2
weekly ALC for >3 months) to
perform linear regression analysis.
All other potential causes of
changes in ALC (eg, infection,
recent use of corticosteroids) need
to be excluded. ALC alone should
not be used as an indication for
treatment

Autoimmune
complications

Anemia or thrombocytopenia
poorly responsive to
corticosteroids

Extranodal
involvement

Symptomatic or functional, e.g.,
skin, kidney, lung, spine

aUse of fatigue as a sole indication for treatment of patients with CLL requires a careful evaluation
and exclusion of all alternative etiologies
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The use of BTK inhibitors, antiCD20 antibodies, and venetoclax is discussed
below.

8.7.1 BTK inhibitors

Ibrutinib

This is a first-in-class, orally bioavailable, selective, potent, small-molecule inhi-
bitor of BTK that covalently binds to its target (cysteine-481 residue near the active
site of BTK) thereby interrupting B-cell receptor (BCR) signaling and causing
apoptosis of B cells. Early phase studies have shown impressive clinical benefit in
CLL/SLL patients with an acceptable safety profile [10–12]. In a Phase Ib-II
multicenter trial of 85 patients with relapsed/refractory CLL/SLL, two doses
(420 mg or 840 mg daily) of ibrutinib were tested. The overall response rate
(ORR) in both groups was 71% with an additional 20 and 15% of patients in each
group, respectively, exhibiting partial response (PR) with lymphocytosis (PR-L).
Responses were independent of any poor prognostic features including del17p. At
26 months, estimated progression-free survival (PFS) was 75% and OS 83%
(median not reached for both). Treatment was well tolerated with predominantly
grades 1 and 2 adverse events (AEs), which included (>20% occurrence) diarrhea
(usually transient and self-limiting), fatigue, upper respiratory tract infections,
cough, arthralgias, rash, pyrexia, and edema. There were 15% grade 3–4 neu-
tropenia events but these did not lead to any treatment discontinuations and were
managed with growth factors if needed. Based on the data from the 420-mg cohort
of patients (n = 48, ORR 58.3%, no CR), ibrutinib received accelerated US FDA
approval in February 2014 in the relapsed/refractory setting. Similarly, in this
setting, it was granted approval throughout the European Union in October 2014.

Typically, ibrutinib and the other novel targeted agents can lead to rapid
reduction in the size of lymphadenopathy and splenomegaly in CLL/SLL, often in
conjunction with a simultaneous increase in peripheral blood lymphocytosis due to
redistribution [13]. This phenomenon should not be mistaken for disease progres-
sion if all other signs and symptoms of CLL/SLL are improving because it is
asymptomatic and transient, although it can take several months to resolve typi-
cally. It has led to the revision of iwCLL response criteria in which PR-L has been
added as a new response criterion to account for this treatment-related redistribution
lymphocytosis.

Ibrutinib can lead to some side effects that one should be aware of as they can
affect management decisions: (i) atrial fibrillation—this can occur in up to 10% of
patients and should be managed with dose hold and beta-blockers. In most cases,
ibrutinib can be restarted safely (often at lower doses) once the atrial fibrillation is
optimally managed. (ii) Bleeding risk—concurrent management with warfarin was
contraindicated in most clinical trials due to some episodes of major hemorrhage,
including life-threatening cerebral hemorrhage, in early trials. The bleeding risk of
ibrutinib is due to its interference with BTK-dependent platelet aggregation. Many
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patients have been treated successfully with ibrutinib in conjunction with low
molecular weight heparin products, aspirin, clopidogrel, and novel direct-acting
oral anticoagulants, but caution should still be exercised in patients requiring
warfarin as the trials excluded these patients due to possible adverse interactions
related to fluctuating INR leading to a higher risk of major bleeding. In general,
ibrutinib should be held for 3 days before through 3 days after any minor procedure
that a patient will undergo, and for 7 days before through 7 days after for any major
procedure. (iii) Reactivation of viral hepatitis B and opportunistic infections—this
is rare but cases of Pneumocystis jiroveci pneumonia as well as aspergillosis among
other infections, have been reported. Prophylactic antimicrobial agents are not
mandated, but in certain situations like heavily pre-treated patients or combination
therapy may warrant these precautions. The low-grade toxicities, such as arthral-
gias, diarrhea, rash, can be manageable but often affect the quality of life. Certain
ibrutinib resistance mutations, like C481S and PLCG2 mutations, have emerged in
CLL, albeit uncommon thus far [14].

Phase 3 Trials of Ibrutinib and CD20 monoclonal antibodies in the Frontline
Treatment of CLL

RESONATE 2 [15]: Phase III randomized, open-label, multicenter trial of
ibrutinib versus chlorambucil in previously untreated CLL/SLL patients aged
65 years [43]. Among 269 randomized and treated patients, the ORR was 86% in
the ibrutinib arm and 35% in the chlorambucil arm (p < 0.001) by an independent
review. There was a significant improvement in event-free survival (EFS), PFS, and
OS with single-agent ibrutinib compared with chlorambucil. Based on these results,
ibrutinib was approved by the US FDA for the frontline treatment of patients with
CLL/SLL in March 2016; it was also approved in Europe for this setting in May
2016. It is now also being evaluated in combination with various novel targeted
agents as well as chemoimmunotherapy to see if further improvements in outcomes
can be made in a tolerable fashion.

CLL11 [16]: In the German CLL Study Group CLL11 Phase III trial of 781
previously untreated patients with cumulative illness rating scale (CIRS) > 6 or
creatinine clearance 30–69 ml/minute, obinutuzumab + chlorambucil (arm 1) was
compared directly with rituximab + chlorambucil (arm 2) and with chlorambucil
alone (arm 3). There was a significant improvement in ORR and prolongation of
PFS on arm 1 compared with arm 3 as well as on arm 2 compared with arm 3.
Median PFS was 26.7 months on arm 1 versus 11.1 months on arm 3 (p < 0.001)
and 16.3 months on arm 2 versus 11.1 months on arm 3 (p < 0.001). Treatment on
arm 1 improved OS compared with arm 3 (p = 0.002). Treatment on arm 1
improved PFS (p > 0.001) and CR rates (20.7% versus 7%) and molecular
responses compared with arm 2. Infusion-related reactions were more common on
arm 1 compared with arm 2 but there was no difference in the risk of infection.

ALLIANCE [17]: Randomized trial in older CLL patients (65 years and above)
treated with ibrutinib or ibrutinib + rituximab or BR in a 1:1:1 fashion. The ibru-
tinib arms were found to be superior in terms of ORR and PFS than the BR arm.

ECOG E1912 [18]: Randomized trial in 529 CLL patients 70 years or younger
comparing ibrutinib + rituximab vs. FCR in a 2:1 ratio. The ibrutinib arm showed
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longer PFS and OS at a median of 33.6 months of follow-up compared with the
FCR arm although these were similar in patients with mutated IGHV specifically.

ILLUMINATE [19]: Randomized trial in 229 CLL patients 65 years or older, or
younger patients with comorbidities, of ibrutinib + obinutuzumab vs. chrloambu-
cil + obinutuzumab (1:1). After a median follow-up of 31.3 months, median PFS
was significantly longer in the ibrutinib arm (not reached vs. 19 months).

Ongoing trials: Ibrutinib-obinutuzumab ± venetoclax in patients younger than
70 years of age (ECOG-ACRIN) and the same randomization in patients 70 years
or older (Alliance).

Acalabrutinib

Second-generation oral, highly selective, BTK inhibitor with potentially fewer side
effects than ibrutinib.

ELEVATE-TN is a global, phase 3, multicenter, randomized trial of 535 pre-
viously untreated CLL patients who received either acalabrutinib monotherapy or
acalabrutinib + obinutuzumab or chlorambucil + obinutuzumab (1:1:1) [20]. At a
median follow-up of 28.3 months, the median PFS was significantly longer in both
the acalabrutinib arms compared with the chlorambucil arm (not reached vs.
22.6 months) and the grade 3 or higher toxicities were low. Atrial fibrillation rates
of any grade were 3–4% in the acalabrutinib arms.

8.7.2 BCL2 inhibitor

Venetoclax

BCL2 is an anti-apoptotic protein that is overexpressed in some B-cell malignancies
including CLL. Venetoclax is an oral, BCL2 homology domain 3 (BH3)-mimetic
agent that inhibits the antiapoptotic signaling through BCL2 thereby leading to
apoptosis of CLL cells.

CLL-14 is an open-label, randomized, phase 3 trial investigating fixed duration
treatment with venetoclax for 1 year and obinutuzumab for 6 months compared
with chlorambucil + obinutuzumab for 6 months in patients with previously
untreated CLL and coexisting comorbidities [21]. 432 patients were randomized 1:1
between the two arms and at a median follow-up of 28.1 months, the PFS was
significantly longer in the venetoclax arm and across all risk subgroups. The most
common grades 3 and 4 adverse event was neutropenia and about 50% of patients
received granulocyte colony-stimulating factor in both arms.

The patient described in Case 2 has poor risk CLL by virtue of having deletion
11q, unmutated IGHV, and NOTCH 1 mutations. These patients have a poor
outcome with conventional chemoimmunotherapy and should therefore receive one
of the novel agent-containing regimens listed in Table 8.5.
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8.8 Case 3: Relapsed/refractory CLL

A 59-year-old woman was diagnosed with CLL/SLL 7 years ago when she was
found to have asymptomatic lymphocytosis. The initial WBC count was 37,000/µL
with 75% lymphocytes and FISH at diagnosis showed del13q. Within 1 year of
diagnosis, her lymphocytes doubled and she developed drenching night sweats,
anemia, and thrombocytopenia with hemoglobin of 10 g/dL and, platelet count of
95,000/µL, respectively. She was treated with FCR chemotherapy for six cycles and
achieved a complete remission. Two years later she was noted to have new cervical
lymphadenopathy as well as lymphocytosis. Peripheral blood FISH now showed
del13q and del17p with unmutated IGHV. Over the ensuing few months, she again
developed drenching night sweats, rapid lymphocyte doubling time, progressive
anemia, and thrombocytopenia. Her laboratory studies showed evidence of
autoimmune hemolytic anemia (elevated reticulocyte count, indirect bilirubin, and
LDH; low haptoglobin, positive direct antiglobulin test). She was treated with a
course of steroids initially and ibrutinib was also initiated. The hemolytic anemia
resolved and she had a partial remission initially with ibrutinib but progressed a
year and a half later with Richter’s transformation.

8.9 Treatment of Relapsed/Refractory Disease

The general management of relapsed/refractory CLL currently involves the
sequencing of novel agents. As with frontline therapy, chemoimmunotherapy has
largely fallen out of favor in this setting as well. The outcomes with novel agents
are inferior in patients who have failed prior chemotherapy as in Case 3 and hence it
is important to initiate therapy with these agents upfront in high-risk CLL.

A Phase II trial of ibrutinib in 144 CLL/SLL patients with previously treated
del17p CLL (RESONATE-17) showed an ORR of 82.6%, including 17.4% PR-L
[22]. The median duration of response and median PFS had not been reached at

Table 8.5 Recommendations for front-line treatment of CLL in 2021

– Clinical trials

– No Del17p/TP53 mutation and/or no unmutated IGHV:
• Ibrutinib/acalabrutinib ± anti-CD20 monoclonal antibody, preferably obinutuzumab

• Venetoclax + obinutuzumab (if 1 year time-limited therapy desired)

• In younger patients (age less than 65 years), FCR can be offered if good risk features of CLL
including mutated IGHV, but discuss potential serious side effects with patients carefully

– Del17p/TP53 mutation and/or unmutated IGHV present:
• Ibrutinib/acalabrutinib ± anti-CD20 monoclonal antibody

• Venetoclax + obinutuzumab (but consider not stopping venetoclax therapy at 1 year if
del17p/TP53 mutation present)
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13 months follow-up. This study secured ibrutinib’s place in the frontline and
subsequent management of patients with del17p CLL/SLL.

RESONATE [23]: A Phase III, randomized, controlled, open-label, multicenter
trial of 391 patients with relapsed/refractory CLL/SLL in which patients were
randomized between ibrutinib and ofatumumab treatment arms. The ORR was
significantly higher in the ibrutinib arm compared with ofatumumab (42.6 vs. 4.1%,
p < 0.001), and PFS (p < 0.001), and OS (p = 0.005) were significantly improved
as well regardless of the presence of poor prognostic indicators. This further con-
firmed ibrutinib’s place in the relapsed setting.

The PI3K inhibitors idelalisib and duvelisib have been FDA-approved for
relapsed/refractory CLL but potentially have more serious immune-related side
effects of pneumonitis, colitis, and hepatitis than BTK inhibitors and venetoclax and
therefore they are not used before these agents typically [24, 25].

MURANO trial [26]: Randomized, open-label, phase 3 trial of 389
relapsed/refractory CLL patients randomly assigned to receive venetoclax for
2 years+ rituximab for 6 months or BR for 6 months. After a median follow-up of
23.8 months, the PFS was significantly higher in the venetoclax arm across all
clinical and biologic subgroups. In a recent 5-year update of this study, sustained
PFS and OS advantage of the venetoclax arm was reported [27]. Conversion back to
minimal residual disease (MRD) detectable testing was confirmed in 47 patients
and of these, 19 patients experienced disease progression (PD) subsequently.
Unmutated IGHV, del17p, and genomic complexity were associated with higher
rates of MRD conversion and subsequent PD after attaining undetectable MRD
(uMRD) at the end of 2-year treatment.

Acalabrutinib trials: Phase 1b/2 study of acalabrutinib in 134 relapsed/refractory
CLL patients showed an ORR (including PR-L) of 94% across all genomic features
[28]. After a median of 41 months, median PFS had not been reached yet. The
treatment was well tolerated with the most common side effects being
mild-moderate diarrhea (52%) and headache (51%). All grade atrial fibrillation and
bleeding events occurred in 7% and 5% of patients, respectively.

In phase 3 ASCEND trial of acalabrutinib monotherapy vs. investigator’s choice
of idelalisib + rituximab or BR (1:1) in 310 patients, acalabrutinib significantly
improved PFS and had an acceptable safety profile [29].

TRANSCEND CLL 004 [30]: This is a Phase 1/2 trial of liso-cel (JCAR017)
chimeric antigen receptor (CAR)-T cell therapy in relapsed/refractory patients who
have failed at least 2 or 3 lines of therapy including a BTK inhibitor. 23 patients
were evaluable in the Phase 1 portion and the majority of these had advanced-stage
disease and high-risk features. Median prior lines of therapy were 4 (range 2–11)
and almost half the patients had progressed on prior ibrutinib as well as venetoclax.
Cytokine release syndrome (CRS) of any grade occurred in 74% of patients, but
only 2 patients out of 23 experienced grade 3 CRS and no one had grade 4 or 5
CRS. Neurologic events of any grade were seen in 39% of patients, but only 5
patients experienced grade 3 or 4 neurotoxicity. For the rapid management of these
specific toxicities, 74% of patients received tocilizumab and/or dexamethasone.
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Overall, the response rate at a median follow-up of 11 months was 81% in the 22
patients evaluable for efficacy (45% CR, 36% PR). In 20 patients with samples
evaluable for MRD testing, 65% had uMRD to a level of 10–4 (uMRD4) in the bone
marrow and 75% had uMRD4 in the peripheral blood. The phase 2 portion of this
study is ongoing and provides an excellent option for patients who have progressed
on at least two novel targeted therapies in the current era of CLL management.

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is potentially
curative but is only used in a selected minority of patients given its toxicities, older
age, and comorbidity of CLL patients. This may still be an option for selected
younger high-risk patients, particularly if they have failed chemoimmunotherapy
since the response to novel agents appear to be lower in this setting.

Recommendations for treatment of relapsed/refractory CLL in 2020:

– Clinical trials
– Venetoclax + rituximab/obinutuzumab (fixed duration for 2 years)
– Acalabrutinib ± obinutuzumab.

8.10 Complications

8.10.1 Autoimmune Complications [31]

A positive antiglobulin (Coombs) test may be observed in up to 30% of patients at
some point during the disease course, although it is uncommon (<5%) during early
stages. Autoimmune phenomena are relatively frequent, with hemolytic anemia
(lifetime risk approximately 10–20%) and thrombocytopenia (lifetime risk
approximately 5–10%) occurring most commonly, the combination of which is
referred to as Evans syndrome. Autoimmune neutropenia and other autoimmune
sequelae are infrequent but more common than in the general population. These
autoimmune phenomena occur more commonly with advanced disease or with
purine analog treatment and respond to corticosteroids/immunosuppression gener-
ally. Rituximab is also a very useful agent. Retreatment with purine analogs is not
recommended especially if they caused autoimmune hemolytic anemia as this can
recur and sometimes be fatal. Thrombopoietin mimetics (romiplostim, eltrombopag,
or avatrombopag) are options for CLL-associated immune thrombocytopenia. If the
autoimmune event is resistant to these treatments, more specific CLL-directed
therapy is recommended to try and stop the inciting process.

8.10.2 Infections

Infections are the most important cause of morbidity and mortality in CLL patients
especially infections like sinusitis, pneumonia, and zoster. Immunosuppression due
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to CLL itself as well as with chemo-, immuno-, and targeted-therapies (especially
with agents like fludarabine and alemtuzumab historically and now with ibrutinib)
is the cause of recurrent, lingering, or life-threatening viral, bacterial, and fungal
infections. We recommend the use of PJP and HSV/VZV prophylaxis routinely.
We also recommend the treatment of therapy-induced neutropenia with G-CSF and
prophylactic antibiotics. In addition, CLL patients benefit from IVIG infusions,
especially when their IgG levels are less than 400 mg/dL. If they experience
recurrent/lingering infections, routine use of IVIG every 1–3 months is recom-
mended prophylactically even if their IgG levels are not very low. Vaccinations are
also an important mode of prophylaxis, especially against Streptococcus pneumo-
niae and influenza virus. We generally avoid live virus vaccines in patients with
CLL. Fungal infections, especially with aspergillus have been described early in
course of therapy with ibrutinib.

8.10.3 Richter’s Transformation

Transformation to an aggressive large cell B-cell lymphoma from CLL is called
Richter’s transformation and this can occur in <10% cases, especially in those with
poor risk genetic features. Rarely, transformation to Hodgkin lymphoma or another
aggressive non-Hodgkin’s lymphoma (NHL) like prolymphocytic leukemia or
T-cell NHL can occur. Overall, the prognosis is poor with median survival of less
than 1 year as responses to treatment are generally short-lived. Features suggestive
of transformation include rapid growth of a lymph node group that appears very
avid on FDG-PET scan, significant elevation of LDH, and B-symptoms. Aggressive
combination chemoimmunotherapy regimens like R-ICE, R-EPOCH, R-CHOP can
be tried and if remission is achieved and the patient is a candidate for allo-HSCT
with a suitable donor, they should proceed to allo-HSCT which can sometimes lead
to long-term remissions. Otherwise, consolidation with CAR-T cell therapy should
be considered. For refractory disease, there are ongoing clinical trials currently
evaluating the use of PD-L1 antibodies and other checkpoint inhibitors alone and in
combination with other agents like ibrutinib. Richter’s transformation patients
should therefore be considered for clinical trials, especially if standard aggressive
chemoimmunotherapy is not effective.
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9.1 Introduction

William Dameshek first developed the concept of “myeloproliferative disorders” in
1951 to describe a group of bone marrow disorders including chronic myeloid
leukemia (CML), polycythemia vera (PV), myelofibrosis (MF), and ery-
throleukemia [1]. He described them as clonal stem cell disorders in which indi-
vidual blood cell lineage grew “en masse.” CML is the most common among these
and is discussed elsewhere in this volume. The current WHO classification of
hematological malignancies includes CML, primary myelofibrosis (PMF), essential
thrombocythemia (ET), polycythemia vera (PV) chronic neutrophilic leukemia,
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chronic eosinophilic leukemia, and Myeloproliferative neoplasm (MPN), unclas-
sifiable under the umbrella of MPN [2]. For the purpose of this chapter, we will
focus on the more common entities of PMF, ET, and PV. The phenotype of these
entities can overlap to a large degree and they share some common clinical features
including hepatosplenomegaly, as well as constitutional symptoms due to aberrant
cytokine production, including weight loss, night sweats, fatigue, early satiety, and
bone pain. They also share pathophysiological features characterized by elevated
peripheral blood counts, hypercellular bone marrow, development of bone marrow
fibrosis, and extramedullary hematopoiesis. Over last 2 decades, our understanding
of pathophysiology has significantly advanced with the discovery of driver muta-
tions. Initially, in 2005, the seminal discovery of a mutation V617F in JAK (Janus
kinase)-2 leading to gain of function was described in PV, ET, and PMF [3].
Subsequently, two more driver mutations in MPL and CALR were discovered [4–6]
and one of these three mutations is detected in over 90% of these MPNs. These
mutations constitutively activate signaling pathways for hematopoiesis. The basis
for the association of the same genotype with different phenotypes among the
MPNs remains enigmatic to date.

9.2 Diagnosis

The WHO classification of hematologic malignancies has defined diagnostic criteria
for PV, ET, and PMF [2]. A bone marrow biopsy is required at the time of
diagnosis which can help differentiate these three types of MPN. BCR-ABL1
rearrangement has to be excluded as some forms of CML may look similar mor-
phologically and phenotypically. Criteria for diagnosis of the individual disorders
are listed in Tables 9.1 and 9.2.

9.3 Biology and Genetics of MPN

9.3.1 Driver Mutations

The majority of cases of MPN carry one of three mutually exclusive MPN-restricted
mutations (JAK2, MPL, or CALR) that drive myeloproliferation. Each of these
three different gene mutations ultimately results in constitutive activation of
JAK2-dependent cytokine receptor signaling pathways [7]. CALR and MPL
mutations are only found in ET or MF, whereas JAK2 mutation can be present in
any of the three MPNs. The distribution of these three mutations among MPN is
shown in Fig. 9.1.

A somatic mutation in JAK2 was the first driver mutation discovered in
BCR-ABL-negative classical MPN and is the most common [3]. The most common
mutation in JAK2 is V617F and results from G to T transition at nucleotide 1849 on
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exon 14 of JAK2 gene on chromosome 9p24.1 resulting in substitution of valine to
phenylalanine in the pseudokinase domain. This leads to constitutive
ligand-independent activation of JAK2 which is the cognate tyrosine kinase for
multiple cytokine receptors including receptors for erythropoietin, thrombopoietin,
and granulocyte colony stimulating factor.

The vast majority of PV patients (over 95%) have JAK2 V617F mutation.
Among the remainder, about 3% of patients with PV carry JAK2 exon 12 mutations
that cause mostly isolated erythrocytosis at the time of diagnosis. JAK2 mutations
are present in about *50% of patients with PV and PMF [8].

Mutations in the thombopoietin receptor gene (MPL) mostly occur in exon 10 of
the gene located on chromosome 1p34.2. Among these the most common are
W515L and W515K occurring in the juxtamembrane domain of the receptor. Other
mutations have been described but are less common [6, 8]. MPL mutations are
present in about 8% of PMF and 4% of ET patients [8]. Similar to JAK2 mutations,
MPL mutations cause constitutive activation of MPL receptor in the absence of
TPO and activate downstream signaling [9].

Mutations in calreticulin gene (CALR) were discovered with ET and PMF
patients who were JAK2 and MPL mutation negative, occurring in 67% and 88%,
respectively [4]. CALR gene is located on chromosome 19p13.13. CALR works

Table 9.1 2016 World Health Organization diagnostic criteria for polycythemia vera and
essential thrombocythemia

Polycythemia vera (PV)a Essential thrombocythemia (ET)b

Major
criteriav

Hemoglobin >16.5 g/dL (men),
hemoglobin >16.0 g/dL (women) or
Hematocrit >49%
(men) Hematocrit >48% (women) or
increased red cell mass (RCM)
BM biopsy showing hypercellularity
for age with trilineage growth
(panmyelosis) including prominent
erythroid, granulocytic, and
megakaryocytic proliferation with
pleomorphic, mature megakaryocytes
(differences in size)

Platelet count � 450 X 109/L
BM biopsy showing proliferation
mainly of the megakaryocyte lineage
with increased numbers of enlarged,
mature megakaryocytes with
hyperlobulated nuclei. No significant
left-shift of neutrophil granulopoiesis
or erythropoiesis and very rarely minor
(grade 1) increase in reticulin fibers

Presence of JAK2 V617F or JAK‹2
exon 12 mutation

Not meeting WHO criteria for
BCR-ABL1 + CML, PV, PMF, MDS,
or other myeloid neoplasms

Presence of JAK2, CALR, or MPL
mutation

Minor
criteria

Subnormal serum erythropoietin level Presence of a clonal marker (e.g.,
abnormal karyotype) or absence of
evidence for reactive thrombocytosis

aPV diagnosis requires meeting either all three major criteria or the first two major criteria and one
minor criterion
bET diagnosis requires meeting all four major criteria or first three major criteria and one minor
criterion
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Table 9.2 2016 WHO diagnostic criteria for primary myelofibrosis

Prefibrotic/Early PMF Overt PMF

Major
criteria

Megakaryocytic proliferation and
atypia, without reticulin
fibrosis > grade 1c, accompanied by
increased age-adjusted BM cellularity,
granulocytic proliferation, and often
decreased erythropoiesis

Megakaryocyte proliferation and atypia
accompanied by either reticulin and/or
collagen fibrosis (grade 2 or 3)

Not meeting WHO criteria for
BCR-ABL1 + CML, PV, ET, MDS, or
other myeloid neoplasm

Not meeting WHO criteria for
BCR-ABL1 + CML, PV, ET, MDS, or
other myeloid neoplasm

Presence of JAK2, CALR, or MPL
mutation or in the absence of these
mutations, presence of another clonal
marker, or absence of minor reactive
BM reticulin fibrosis

Presence of JAK2, CALR, or MPL
mutation or in the absence, the
presence of another clonal marker or
absence of evidence for reactive BM
fibrosis

Minor
criteria

Presence of one or more of the
following, confirmed in two
consecutive determinations:
• Anemia not attributed to a comorbid
condition

• Leukocytosis � 11 Å * 109/L
• Palpable splenomegaly
• LDH level above the upper limit of
the institutional reference range

Presence of one or more of the
following confirmed in two
consecutives
determinations:
• Anemia not attributed to a comorbid
condition

• Leukocytosis � 11 Å * 109/L
• Palpable splenomegaly
• LDH level above the upper limit of
the institutional reference range

• Leukoerythroblastosis
aDiagnosis of prefibrotic/early PMF requires all three major criteria and at least one minor
criterion. Diagnosis of overt PMF requires meeting all three major criteria and at least one minor
criterion

Fig. 9.1 From Klampfl et al N Engl J Med 2013: 369: 2379–90
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normally as a chaperone that binds to MPL in endoplasmic reticulum. However,
mutant CALR binds to the extracellular domain of MPL receptor and activates
signaling. Frameshift mutations in CALR are located on exon 9 and are of two
types. Deletions are termed Type 1 (most commonly a 52 base pair deletion) and
insertions are classified as Type 2 (most commonly a 5 base pair insertion). Type 1
and Type 2 mutations are equally distributed in ET whereas in PMF Type 1 is more
common. They are absent in patients with PV and mutually exclusive with JAK2
and MPL mutations. CALR Type 1 mutation is associated with better survival
compared to Type 2 [8].

Only a driver mutation is identified in 50–60% of cases of MPN. In others, in
addition to one of the three abovementioned driver mutations, coexisting other
mutations may be present at varying frequency. These are not restricted to MPN and
may be found in other myeloid neoplasms including acute myeloid leukemia
(AML) and myelodysplastic syndrome (MDS) [10, 11]. These include RNA splicing
mutations, e.g., SRSF2, SF3B1, U2AF1, and mutations that result in chromatin
modifications, e.g., ASXL1, DNMT3A, IDH1/2, EZH2, and TET2, alter signal
transduction, e.g., CBL, as well as mutations in the tumor suppressor gene TP53.

There are a some mutations that are considered high risk including ASXL1,
IDH1/2, EZH2, SRSF2, and U2AF1, due to shorter overall and leukemia-free
survival in MF population [12, 13]. These new discoveries are being utilized in
newer prognostic scoring systems to help determine prognosis more accurately.
Cytogenetic abnormalities may occur in MPN. Common abnormalities include
gains of chromosomes 8 and 9, del 9(p), del 20(q), and del 13(q) among others.
Abnormalities like complex karyotype and deletion of 17p are associated with
disease progression [2].

A unique feature of MPN is the variability in genotype-phenotype correlation
whereby the same driver mutation can be associated with different phenotypes. This
is determined by a variety of host factors including age and most importantly
patient sex, with PV and ET being more common in women. The incidence of MPN
rises with age, being most common after age 60, possibly related to acquisition of
mutations that result in clonal hematopoiesis. The precise basis of this variability,
however, remains unclear [8].

In most cases, MPN results from sporadic acquisition of somatic driver muta-
tions. In about 7% of cases, there is a familial predisposition to MPN with multiple
family members developing the same or another MPN. The genetic basis of such
predisposition includes inheritance of single nucleotide variants that predispose to
driver mutations, SNPs in TERT gene as well as germline mutations in JAK2 and
MPL [8, 14–17].
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9.4 CASE 1: Primary Myelofibrosis

A 66-year-old man with no significant prior illness was diagnosed with PMF when
he presented in June 2017 with weakness, dyspnea on exertion and night sweats. He
was found to have hemoglobin of 6.6 g/dL, WBC count of 3600/µL, and platelet
count was 279,000/µL. He became red cell transfusion dependent and required
about 1 unit per month. Bone marrow aspirate from June 2018 was hemodilute and
showed left-shifted myelopoiesis and trephine biopsy showed a markedly
hypocellular marrow with moderate collagen fibrosis and osteosclerosis. There were
1% circulating blasts in peripheral blood but bone marrow did not show increased
blasts. Cytogenetics was normal. JAK2 V617F was detected and additionally there
were U2AF1 and S34F mutations. Comparison with previous marrow from August
2017 showed increased collagen fibrosis and new U2AF1 mutation suggesting
disease progression. Splenomegaly was mild on imaging. He was started on rux-
olitinib at 20 mg twice daily with some improvement in constitutional symptoms.
He had tried erythropoietin for some time but did not improve anemia. He did not
have any history of venous or arterial thrombosis.

He was found to have a histocompatible sibling and underwent allogeneic HCT
using fludarabine and melphalan conditioning in January 2019. His HCT course
was uneventful and he remains free of disease 1 year and 10 months after HCT.

9.5 Discussion

1. Initial Diagnosis and prognostication:

Onset of PMF can be insidious and early stages can be asymptomatic and diagnosed
when splenomegaly or elevated WBC count or platelet count is detected on routine
clinical examination and laboratory testing. Early prefibrotic phase of PMF may
only have leukocytosis or thrombocytosis and bone marrow biopsy is required for
differentiation from ET. PMF can cause profound constitutional symptoms and
these may be present in up to 50% of cases. In a patient with prior PV or ET
progressing to secondary myelofibrosis, features of evolution to myelofibrosis are
slowly progressive anemia, leucoerythroblastosis, increasing organomegaly, and
constitutional symptoms. Bone marrow biopsy is performed to document trans-
formation and also helps to better prognosticate disease by determining chromo-
somal abnormalities and percentage of myeloblasts. Often there will be a dry tap
and in that case cytogenetics and mutations panel can be done on peripheral blood.
There are many prognostic scoring systems used to guide treatment and commonly
used ones include Dynamic International Prognostic Scoring System (DIPSS) [18].
Accurate determination of spleen and liver size at diagnosis is important as
improvement in size on treatment is a good indication of response which has been
used in most of the clinical trials. This patient would be scored “high risk” per
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DIPSS criteria (age >65, constitutional symptoms, peripheral blood blasts � 1%,
and anemia with Hb <10g/dL [5 points]) with a median survival of 1.5 years.
By DIPSS Plus which takes into account additional factors like karyotype, trans-
fusion dependency, and platelet count, he would again be classified as “high risk”
with a median survival of 16 months [19]. More recently, new prognostic scoring
systems have been developed incorporating mutation profile in addition to clinical
and pathologic features. MIPSS 70+ v2.0 is one such prognostic scoring system that
was devised [20]. Given the fact that he has a high-risk mutation U2AF1 his score
would be high risk (8 points) with estimated median survival of 3.5 years. All of
these factors as well as the impact of constitutional symptoms and transfusion
dependency on his quality of life factored into the decision to proceed to allogeneic
HCT.

Both PV and ET can evolve over time to myelofibrosis and this entity is termed
secondary myelofibrosis (SMF). Since the prognostic scoring systems discussed
above are developed for PMF, a specific prognostic scoring model (MYSEC-PM)
has been developed specifically to predict survival in SMF [21].

2. What is the Initial treatment of symptomatic myelofibrosis?

Myelofibrosis can cause profound constitutional symptoms due to elevation of
various inflammatory cytokines, i.e., interleukin (IL)-8, IL-2R, IL-12 and IL-15,
TNF a, G-CSF, and VEGF [22]. These constitutional symptoms include night
sweats, weight loss (>10% of body weight), non-infectious fevers, fatigue, and
bone pain all of which severely affects quality of life for patients, in addition to
splenomegaly which causes abdominal discomfort and early satiety that contributes
to weight loss. A tool called Myelofibrosis Symptoms Assessment Form (MFSAF)
has been developed to objectively assess these symptoms and their response to
treatment [23]. This assessment is used in various clinical trials that assess treat-
ments for MF. As our patient was symptomatic with constitutional symptoms,
treatment with the JAK2 inhibitor ruxolitinib was indicated to relieve these. Rux-
olitinib was the first JAK inhibitor approved for the treatment of myelofibrosis
based on two randomized phase III trials COMFORT 1 and 2, where it showed
significant improvement in splenomegaly and constitutional symptoms.
In COMFORT 1 trial, 67% of patients had spleen volume response (defined as
reduction in spleen volume of 35% or more on MRI) that was maintained for 48
weeks or more and 46% in ruxolitinib arm had improvement in symptom score by
50% or more at 24 weeks. In COMFORT II that compared ruxolitinib to best
available therapy, 29% of patients in ruxolitinib arm achieved spleen volume
reduction at 48 weeks [24, 25]. Ruxolitinib is generally well tolerated with anemia
and thrombocytopenia being the major side effects and initial dosing of ruxolitinib
depends on the platelet count. It is important to mention that approval of ruxolitinib
is regardless of patient’s JAK2 mutation status. Fedratinib is another JAK inhibitor
now approved for intermediate-2 or high-risk primary or secondary MF and its
response rate and side effect profile are similar to ruxolitinib except for the side
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effect of encephalopathy which require monitoring of thiamine level and supple-
mentation if needed [26].

3. When to perform Allogeneic Hematopoietic Cell Transplant (HCT) for
myelofibrosis.

Allogeneic HCT is currently the only curative option for patient with myelofibrosis
either primary or evolving from another MPN. This is offered to patients with
advanced symptomatic disease if they are otherwise suitable candidates and have a
suitable donor. It may be associated with significant morbidity and mortality related
to treatment and thus this decision requires careful consideration and discussion
between clinician and patient, particularly with regard to timing of HCT. Various
studies have shown it can effectively eliminate malignant clone, resolve marrow
fibrosis, and organomegaly over time [27, 28]. It is currently indicated for adverse
risk disease patient including intermediate-2 and higher per DIPSS/DIPSS plus, and
high risk or higher for patients with MIPSS70+ v2.0 risk disease. Recently, our
group published long-term outcome results of a cohort of primary as well as sec-
ondary MF patients who underwent reduced intensity allogeneic HCT and showed
OS of 65% at 5 years and 59% progression-free survival. Cumulative incidence of
relapse at 5 years and non-relapse mortality were only 17% each [27]. These are
encouraging results considering the fact that this was a rather high-risk population
many of whom having comorbidities that are often observed in MF patients. These
results also demonstrate the curative potential of allogeneic HCT for
MPN-associated MF.

As our patient in Case 1 remained transfusion dependent on the ruxolitinib
treatment and his disease was high risk by DIPSS and DIPSS plus as well as
MIPSS70+ v2.0, allogeneic HCT was contemplated due to its curative potential.
His brother was identified as a histocompatible donor. Given the propensity of
MPNs to be present in multiple members of some families, it is important to
evaluate sibling donors carefully for early signs of MPN. He underwent reduced
intensity allogeneic HCT using fludarabine and melphalan reduced intensity con-
ditioning regimen. He had no acute and chronic GVHD and remains well almost 2
years after HCT. As expected, there was residual reticulin and collagen fibrosis in
his bone marrow biopsy done 3 months after HCT, but JAK2 mutation as well as
the previously detected mutations were not detected and donor chimerism was 99%.
His peripheral blood counts continue to improve and have almost normalized.

9.6 CASE 2. Polycythemia Vera

A 26-year-old male first developed right lower extremity DVT following a long
airplane ride. He subsequently developed a recurrence off anticoagulation 9 months
later and at that time was diagnosed with JAK2-mutated PV. His laboratory studies
showed hemoglobin of 17g/dL, WBC of 12,000/µ, and platelet count of 545,000/
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µL. He had no blasts in the peripheral blood. Patient underwent bone marrow
biopsy which showed hypercellular marrow with 80% cellularity, with erythroid,
myeloid hyperplasia, and megakaryocytic hyperplasia with myeloblasts <5%.
Reticulin stain showed MF-1 fibrosis. Cytogenetics showed 46XY. Molecular
studies revealed JAK2 V617F and in addition ASXL1 and EZH2 mutations.

1. Prognostication and goals of therapy

Similar to the case with other MPNs, patients with PV have a shortened life
expectancy compared to age and sex matched general population [29]. The most
common life-threatening complications of PV are thrombosis, both arterial and
venous followed by fibrotic progression and leukemic transformation. Initial
prognostication and risk assessment are important since that determines the choice
of initial treatment and follow-up.

Thrombosis accounted for 41% of deaths in a large prospective study of 1638
patients [30]. At onset of study, 3% of patients had thrombotic history (29% arterial,
14% venous) and after a median follow-up of 2.8 years, 14% of patients in this
study had experienced cardiovascular events. In a more recent study of
WHO-defined PV patients, thrombosis history was present in 23% at study entry
and occurred in 21% (16% arterial, 9% venous) at a median follow-up of 7 years
[30, 31].

Based on data from large studies, the two main risk factors for thrombosis are
history of prior thrombotic events and age over 60 years. Therefore, patients with
either of these risk factors can be considered as having “high-risk” disease, while
patients who do not have these two risk factors are at low risk for thrombosis. Other
thrombosis risk factors identified include leukocytosis (WBC >15000/µL) and
cardiovascular risk factors including hypertension.

Besides thrombosis, leukemic transformation is a major life-threatening com-
plication of PV. Its incidence ranges from 5.5 to 18.7% at 15 years [31]. The
presence of cytogenetic abnormalities or certain gene mutations detected on
next-generation sequencing including mutations in ASXL1, SRSF2, and IDH2
appears to increase risk of transformation [32, 33]. Eventually almost all patients
with PV will evolve into secondary MF. Clues to fibrotic progression include
worsening leucoerythroblastosis in peripheral blood, increasing hep-
atosplenomegaly and peripheral blood cytopenia.

The goals of therapy in PV, therefore, can be broadly summarized as prevention
of arterial and venous thrombosis; detection of progression and avoiding leukemic
transformation; and providing symptomatic relief from symptoms related to
hyperviscosity, splenomegaly, and pruritus, the latter being a dominant symptom in
some patients.
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2. Choice of therapy

The mainstays of initial therapy in PV regardless of risk status are phlebotomy and
low-dose aspirin. The goal of phlebotomy is to maintain hematocrit <45% and this
is achieved over time by induction of iron deficiency by repeated phlebotomies.
This benefit of phlebotomy was established in CYTO-PV study which showed
patients with HCT <45% resulted in significantly lower rate of cardiovascular
deaths and major thrombotic episodes [34]. The role of low-dose aspirin was
established in a large multicenter European study (ECLAP) in which 518 patients
were randomized in a double blinded placebo-controlled trial to 100mg of daily
aspirin [35]. This study showed that low-dose aspirin significantly lowered risk of
thrombotic episodes in these patients.

Cytoreductive therapy is indicated in high-risk patients and hydroxyurea remains
the first-line therapy in most patients based on available data from multiple studies
[31]. Interferon-alpha including its pegylated form is a first-line option for some
patients and unlike hydroxyurea, it can induce molecular responses in a subset of
patients. Whether these molecular responses alter the natural history of disease
remains unclear and interferon has significantly more toxicity than hydroxyurea.
Other options for hydroxyurea-intolerant/refractory patients include oral busulfan
and the JAK inhibitor ruxolitinib. Compared to best available therapy, ruxolitinib
was more effective in controlling blood counts, reducing spleen size, and providing
symptom relief in hydroxyurea-resistant/intolerant PV patients [36]. Its impact on
prevention of thrombosis or prolonging leukemia-free survival remains unclear. For
patients who experience venous thromboembolism limited data suggest use of
systemic anticoagulation in addition to low-dose aspirin. Patients who progress to
symptomatic secondary MF should be referred for HCT evaluation if they are
suitable candidates given the curative potential of allogeneic HCT.

Our patient in Case 2 can be classified as high-risk PV due to history of
thrombosis, and thus he started on treatment to lower cardiovascular risk. He initially
started on aspirin, and phlebotomy. His hematocrit normalized after 6 months and he
no longer needed phlebotomy. Since he was young and wanted to start a family, he
started on treatment of pegylated interferon alpha as it has the possibility of inducing
cytogenetic remission and does not have risk of teratogenicity as with hydroxyurea.
He tolerated interferon well, although interferon dose had to be adjusted due to
development of liver function test abnormalities. His main symptom was aquagenic
pruritus. This was controlled with antihistamines, aspirin, and interferon. He also
remains on rivaroxaban given the two episodes of venous thrombosis.

9.7 CASE 3: Essential Thrombocythemia

A 45-year-old female presented with mild left upper quadrant abdominal discomfort
that prompted a visit to her primary care physician. Laboratory studies showed
WBC of 15,500/µL, hemoglobin of 14g/dL, and platelet count of 588,000/µL. No
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cause of reactive thrombocytosis was evident. She was further evaluated and
underwent bone marrow biopsy that showed hypercellular marrow, megakaryocytic
hyperplasia, and atypia with MF-1 reticulin fibrosis. Cytogenetics were normal.
JAK2 V617F mutation was positive and BCR-ABL1 was negative. Spleen was
palpable 6 cm below left costal margin. She denied any constitutional symptoms or
erythromelalgia and had no history of thrombotic events.

1. Initial Diagnosis and Prognostication:

Our patient in Case 3 was diagnosed with JAK2 mutation-positive ET as her
platelet count was >450,000/µL and bone marrow findings of megakaryocyte
hyperplasia and atypia in addition to JAK2 mutation met WHO criteria for ET. The
major differential diagnosis is prefibrotic phase of PMF (Tables 9.1 and 9.2).
Various prognostic models have been developed to predict outcome and guide
treatment. Age has a major impact on survival with patients over 70 years of age
having a median survival of 8.1 years compared to a median survival of 35 years for
patients under 40 years [37]. Recently, a validated prognostic scoring system has
been developed (International Prognostic Score for Essential Thrombocytosis,
IPSET) that identifies age >60, history of thrombosis, and WBC count over 11,000/
µL as determinants of worse survival [38]. Further refinements have been suggested
to this model that incorporates the genetic mutation profile. For example, it is
known that patients with CALR-mutated ET have higher platelet counts but less
risk of thrombosis compared to ET patients with JAK2 mutations [39] Additional
mutations besides the driver mutation can be detected in around 15% of ET patients
and some of these including SRSF2, U2AF1, and TP53 may be associated with
lower overall survival [37].

A major goal in treatment of ET is prevention of vascular events and thrombotic
risk assessment is critical for choice of therapy. Models have also been developed to
assess thrombotic risk including IPSET-thrombosis model that takes into account
conventional risk factors in addition to JAK2 mutation status [40]. Low-dose
aspirin is indicated in most patients unless thrombocytosis is mild and patient is
asymptomatic. An algorithm for therapy based on thrombotic risk is shown in
Table 9.3. Bleeding, often gastrointestinal, may occur in around 5% of patients with
ET and is in some cases associated with acquired von Willebrand disease (due to
binding of large vWF multimers by platelets) especially when platelet count is over
1 million.

It is important to note that cytoreductive therapy is indicated in only high-risk
patients and should not be used solely for controlling or normalizing platelet count.
When such therapy is indicated hydroxyurea is usually the first-line therapy
based on a controlled study that showed significantly less thrombotic events in
hydroxyurea-treated high-risk patients [41]. Pegylated interferon alfa-2a can be
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Table 9.3 Adapted from Tefferi and Pardanani N Engl J Med 2019:381: 2135–44

NCCN and ELN guidelines for risk stratification and treatment in patients with essential
thrombocythemia

Guideline Very low risk1 Low risk1 Intermediate
risk1‡

High risk

NCCN33

Patient
characteristics

Age � 60 yr,
no prior
thrombosis,
JAK2 V617F
mutation absent

Age � 60 yr,
no prior
thrombosis,
JAK2 V617F
mutation present

Age >60 yr, no
prior
thrombosis,
JAK2 V617F
mutation absent

Age >60 yr, no prior
thrombosis, JAK2
V617F mutation
present

Rate of
thrombosis

0.44%/yr, with
no
cardiovascular
risk factors;
1.05%/yr with
risk factors

1.59%/yr with
no
cardiovascular
risk factors;
2.57%/yr with
risk factors

1.44%/yr with
no
cardiovascular
risk factors;
1.64%/yr with
risk factors

2.36%/yr with no
cardiovascular risk
factors; 4.17%/yr with
risk factors

Management of
cardiovascular
risk factors

Aspirin, 81–
100 mg/day for
vascular
symptoms§

Aspirin, 81–
100 mg/day for
vascular
symptoms§

Aspirin, 81–
100 mg/day for
vascular
symptoms§

Aspirin, 81–
100 mg/day for
vascular symptoms§

Treatment Cytoreductive
therapy
not
recommended as
initial treatment

Cytoreductive
therapy not
recommended
as initial
treatment

Cytoreductive
therapy not
recommended
as initial
treatment

First-line therapy with
hydroxyurea or
interferon alfa-2a or
anagrelide,
second-line therapy
with hydroxyurea,
interferon alfa-2a,‖ or
anagrelide, or referral
to clinical trial

ELN18

Patient
characteristics

Low risk Intermediate
risk

High risk

Rate of
thrombosis

– Score of 0–1,
1.03%/yr

Score of 2,
2.35%/yr

Score � 3, 3.56%/yr

Management of
cardiovascular
risk factors

– Low-dose
aspirin for
microvascular
symptoms§

Low-dose
aspirin for
microvascular
symptoms§

Low-dose aspirin for
microvascular
symptoms§

Treatment

First line – Cytoreductive
therapy not
recommended
for initial
treatment

Cytoreductive
therapy not
recommended
for initial
treatment

First-line therapy,
hydroxy urea or
interferon alfa-2a

Second line – – – Cytoreductive therapy
with interferon alfa-2a
or anagrelide
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used as front-line therapy, particularly for younger patients given its potential to
induce molecular response and slow disease progression as in PV, although it is
associated with more side effects which make it a less attractive first choice agent.
Anagrelide is another approved agent but again its use is limited by its poor adverse
event profile, particularly fluid retention and cardiovascular toxicity. In patients
who are intolerant or refractory to hydroxyurea, ruxolitinib can be used regardless
of JAK2 mutation status [42] but it is important to emphasize that ruxolitinib has
not demonstrated disease-modifying potential in MPN.

Erythromelalgia, characterized by erythema, congestion, and burning of distal
extremities can be a troubling symptom in some patients. It can precede diagnosis
of ET or PV by years. This is usually very responsive to aspirin therapy.

The main goals of treatment in ET are to prevent thrombotic events as well as
provide symptom relief. It is important to emphasize that normalization of platelet
count is not a goal of therapy. Patients who evolve to post ET MF should be
referred for allogeneic HCT if suitable candidates. Our patient in case 3 would be
classified as low-risk disease and was therefore treated only with low-dose aspirin
(81 mg daily) which she tolerated well.
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10.1 Introduction

Mastocytosis is a rare hematologic neoplasm characterized by abnormal prolifer-
ation and accumulation of clonal mast cells. Mastocytosis limited to skin is termed
cutaneous mastocytosis and will not be discussed further here. Systemic masto-
cytosis (SM) is characterized by aggregates of atypical mast cells in bone marrow
(major criterion for diagnosis defined by World Health Organization) along with
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infiltration of other organs among which skin, liver, and spleen are most common.
Clinical symptoms arise either from release of mediators from mast cells or in
advanced cases from organ dysfunction related to mast cell infiltration. In a large
subset of cases, SM coexists with an associated hematological neoplasm
(AHN) and in such cases features of the hematologic malignancy dominate the
clinical picture. Cases of indolent SM (ISM) comprise the other major subset and
are characterized by skin involvement and mediator release symptoms. Rare subsets
of SM include aggressive SM (ASM) and mast cell leukemia (MCL) [1].

10.2 Biology and Genetics of SM

KIT is a receptor tyrosine kinase expressed on mast cells and interaction with its
ligand, namely, stem cell factor (SCF) supports mast cell differentiation, survival,
and proliferation. A gain-of-function point mutation (most commonly D816V,
though others have been reported) in the tyrosine kinase domain of the KIT gene
results in ligand-independent activation of the KIT tyrosine kinase [2]. The pres-
ence of an activating point mutation at codon 816 of KIT is seen in more than 90%
of patients and fulfills one of the minor criteria for diagnosis of SM [1]. There is a
high correlation between KIT mutation detection and the proportion of lesional cells
in the samples as well as the sensitivity of the screening method. The question as to
whether KIT mutation alone is sufficient to cause neoplastic mast cell transforma-
tion remains unsettled.

Recent studies have shown that additional mutations identified in SM include
TET2, SRSF2, ASXL1, EZH2, CBL, RUNX1, JAK2, and N-RAS and one or more of
these are commonly present in advanced SM which includes SM-AHN, ASM, or
MCL and these additional mutations are rare in ISM. The precise prognostic
implications of individual mutations are unclear but presence of additional muta-
tions besides KIT is associated with worse overall survival [3–5]. In the case of
SM-AHN, these additional mutations are acquired at the stem cell level prior to the
KIT D816V and are present in the mast cell clone as well as the coexisting myeloid
malignancy indicating a stepwise pathogenesis [6, 7]. Single cell sequencing studies
have shown the KIT mutation occurs in early hematopoietic stem cells and is
present to a variable extent in different hematopoietic lineages in subtypes of SM [8,
9].

Cytogenetic abnormalities are a feature of SM-AHN. Abnormalities identified
are often single chromosomal abnormalities including +8, del(5q), del(7), -7, +13,
and del(20q). However, these cytogenetic abnormalities are not unique to SM and
are the characteristic of the associated myeloid malignancy [10]. In cases of
SM-AHN, the mast cells carry the same cytogenetic abnormality as the AHN again
showing their common clonal origin [11]. A specific association exists between SM
and t(8;21) AML and coexistence of SM confers an adverse prognosis to this
otherwise favorable AML subset [12].
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10.3 Diagnosis and Classification of SM

The WHO diagnostic criteria for systemic mastocytosis are listed in Table 10.1. The
major criterion for diagnosis is the presence in the bone marrow of multifocal dense
aggregates of mast cells (� 15 cells in aggregates) with spindled morphology, and
cytoplasmic hypogranularity, which is in contrast to normal mast cells which are
dispersed, round to oval in shape, with prominent cytoplasmic granularity. These
aggregates are often seen in a paratrabecular or perivascular location and are
accompanied by many small lymphocytes, histiocytes, fibroblasts, and eosinophils
[1]. The paratrabecular lesions are sometimes associated with fibrosis and widening
of the bony trabeculae and the perivascular forms are often accompanied by
hypertrophy of the associated blood vessels. The associated fibrosis renders the
mast cells difficult to aspirate and hence a morphologic evaluation of the bone
marrow aspirate will not reflect the extent of underlying mast cell proliferation
which requires immunohistochemical evaluation of core biopsy specimens.

The stains that are useful in identifying mast cells in bone marrow include
tryptase, which is both sensitive and specific for mast cells. Other immunostains
that are useful in identifying mast cells include CD117, CD68, CD43, and CD33.
Immunophenotypic aberrancy as manifested by mast cell coexpression of CD25
and, less commonly, CD2 is a minor criterion for diagnosis of SM [1]. CD30 (Ki
antigen) has been reported to be preferentially expressed in neoplastic mast cells
and earlier studies reported its positivity especially in aggressive SM and MCL.
However, further studies have reported CD30 expression in ISM as well. Hence,
CD30 while useful as a marker for neoplastic mast cells may not be used as a
marker for grading SM [13, 14].

Table 10.1 Diagnostic
criteria for SM

Diagnosis of SM requires major criterion and at least 1 minor
criterion or � 3 minor criteria

Major criterion
• Multifocal dense infiltrates of mast cells (� 15 mast cells in
aggregates) detected in bone marrow and/or other
extracutaneous organs

Minor criteria
• >25% of mast cells in infiltrates are spindle shaped or have
atypical morphology or >25% of mast cells in bone marrow
aspirates are immature or atypical

• Detection of activating KIT mutation at codon 816 in bone
marrow, blood, or an extracutaneous organ

• Mast cells expressing CD25 with or without CD2 in addition
to normal mast cell markers

• Serum tryptase persistently over 20 ng/mL, unless there is an
associated myeloid neoplasm, in which case this parameter is
not valid.
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The presence of an activating point mutation at codon 816 of KIT fulfills one of
the minor criteria for diagnosis of SM. Although this mutation occurs at a high
frequency in SM, occurring in more than 90% of SM patients, its detection is
dependent on sensitivity of assay used and false negative results may occur [15].
Various factors related to testing can lead to negative results on KIT mutation
assays including low sensitivity of next-generation sequencing assays. Less fre-
quently, other mutations outside of tyrosine kinase domain of KIT are present which
may be missed in assays directed specifically to KIT D816V. In cases where SM is
diagnosed, but KIT D816 mutation is negative, additional sequencing of the KIT
gene is recommended since this has therapeutic implications. Since KIT mutations
can be found in one-third of cutaneous mastocytosis (CM) cases within lesional
skin, the WHO criteria for SM specifies that the KIT mutation must be identified at
an extracutaneous site, most commonly within neoplastic mast cells in the bone
marrow.

Should the patient meet the WHO criteria for SM, they can be further sub-
classified based on a combination of histopathologic and clinical features
(Table 10.2). Broadly, the multiple variants fall into two general umbrella cate-
gories, with different clinical, prognostic, and therapeutic implications: “advanced
systemic mastocytosis” versus “indolent” variants. Encompassed in the “advanced
systemic mastocytosis” category are SM-AHN, MCL, and aggressive systemic
mastocytosis. The “indolent” variants of SM include smoldering SM and indolent
SM.

Majority of patients with advanced SM have SM-AHN. Aside from meeting
criteria for SM, SM-AHN demonstrates an associated non-mast cell lineage
hematologic neoplasm, which can be diagnosed before, with, or after the diagnosis
of SM. The associated hematologic neoplasm can be myeloid or
lymphoid/plasmacytic in lineage and can range in aggressiveness from an indolent
process to acute leukemia. In 90% of cases, the associated hematologic neoplasm is
of myeloid lineage including myelodysplastic syndrome (MDS), myeloproliferative
neoplasms (MPN), chronic myelomonocytic leukemia, or acute myeloid leukemia
(AML) [1]. Lymphoid neoplasms associated with SM are not clonally related to the

Table 10.2 Variants of SM All variants should meet general criteria for SM

Indolent variants (skin lesions almost invariably present)
• Indolent SM (low mast cell burden, No C findings, no
hematologic neoplasm)

• Smoldering SM (B findings, high mast cell burden, no
hematologic neoplasm)

Advanced variants (skin lesions uncommon)
• SM-AHN

• Aggressive SM (C findings present)

• Mast cell leukemia (� 20% mast cells in bone marrow
aspirate smears)
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coexisting SM [16]. A subset of AML with the (8;21) RUNX1-RUNX1T1
translocation may show concurrent SM, and the associated mast cell infiltrate may
be masked by the acute leukemia infiltrate at initial diagnosis and may not become
apparent until following treatment [17]. It is critical to examine bone marrow core
biopsy (not aspirate) specimens by immunohistochemistry for mast cell infiltrate if
D816 or another activating KIT mutation is detected in myeloid malignancies
associated with SM since coexisting SM has adverse prognostic impact especially
in AML. Skin involvement as well as symptoms related to mast cell mediator
release do not seem to occur in SM-AHN. In most cases, the disease course and
prognosis are primarily determined by the associated hematologic neoplasm.
Therefore, it is important that the associated hematologic neoplasm is separately
designated and classified according to defined WHO criteria.

Mast cell leukemia is an aggressive variant of SM. It is highly lethal with an
overall survival of <1 year. On pathology, it is characterized by the presence of
immature mast cells, which are round rather than spindled, and range in levels of
immaturity from bilobated/multilobated promastocytes to metachromatically gran-
ulated blasts to scantly granular but tryptase-positive blasts. These immature mast
cells diffusely infiltrate the bone marrow. By definition, the neoplastic mast cells
should comprise � 20% of cells on aspirate smears [1]. Though it represents the
leukemic variant of SM, it is more common for MCL to demonstrate <10% cir-
culating mast cells. Typically, evidence of organ dysfunction secondary to malig-
nant mast cell infiltration is apparent at presentation.

The remaining subtypes of SM are stratified according to clinical aggressiveness
and extent of mast cell infiltrate. Provided that MCL and SM-AHN are excluded, if
there is evidence of organ dysfunction (defined as the “C findings” in Table 10.3),
the diagnosis would be ASM [3]. Aggressive SM most commonly shows organ
damage in the form of hematologic or liver dysfunction. Gastrointestinal symptoms
(malabsorption and weight loss) count as an organ dysfunction only if biopsies
document gastrointestinal mast cell infiltrates as cause of the symptoms. In ASM,
the bone marrow aspirate smear (not biopsy) mast cells comprise � 5% of marrow
cellularity. Cases in which marrow aspirate mast cells are >5% but <20% are
diagnosed as aggressive SM in transformation (to MCL), whereas cases with
marrow aspirate mast cells � 20% represent frank MCL [1].

Absence of organ dysfunction characterizes smoldering SM, indolent SM, and
the very rare entity termed bone marrow mastocytosis. They differ mainly in the
extent of mast cell burden in the marrow, spleen, and liver, with a higher burden of
disease in smoldering systemic mastocytosis, defined as the presence of two or
more “B findings” (Table 10.3). Indolent SM and bone marrow mastocytosis both
show low burden of disease, and they differ only in the presence or absence of skin
lesions, respectively [1]. Smoldering SM often remains stable for many years,
though progression to aggressive SM or MCL can occur.
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10.3.1 Case 1. SM-AHN

A 37-year-old male presented with pruritus without a rash and then developed
pancytopenia (WBC 4100µL, hemoglobin 10.1 g/dL, platelet count 25,000/µL) for
which he underwent a bone marrow biopsy. Bone marrow had 100% cellularity and
revealed increase of blasts of 5–10%. In addition, the bone marrow biopsy showed
clusters of atypical spindle-shaped mast cells with aberrant expression of CD25 as
well as KIT D816V mutation. Tryptase level was 3.1 µg/L. Megakaryocytes were
increased in number and showed dysplastic morphology. There was moderate
reticulin fibrosis (MF 2 of 3). Next-generation sequencing (NGS) revealed muta-
tions in RUNX1, U2AF1, and CBL in addition to KIT. Cytogenetics revealed tri-
somy 8. He underwent a haploidentical stem cell transplant from his brother after
fludarabine and total body irradiation (1200 cGy) conditioning followed by GVHD
prophylaxis with cyclophosphamide, tacrolimus, and mycophenolate mofetil. His
bone marrow biopsy on day 34 after transplantation showed persistent mast cell
infiltrate (5% of cellularity) but no increased blasts, normal cytogenetics, and
absence of previously detected mutations by NGS. Chimerism studies showed
99.14% donor DNA. He continues to remain in remission 2 years after his trans-
plant and is off all immunosuppression with no evidence of graft versus host
disease.

Based on the clinicopathologic and molecular findings, Case 1 can be classified
as SM-AHN; in this case, the AHN being MDS with excess blasts-1 which dom-
inated the clinical picture as is typical with most cases of SM-AHN. Although he
had symptoms of itching, skin lesions of SM were absent as is typically the case
with SM-AHN. The presence of additional mutations besides KIT D816V as well
as cytogenetic abnormality is also typical of SM-AHN. The treatment would pri-
marily be that of MDS which would address the associated SM since the two
entities are clonally the same. Therefore, the decision was made to proceed to

Table 10.3 B (disease
burden) and C (cytoreduction
requiring) findings of SM

B findings
• High mast cell burden (� 30% mast cells on bone marrow
biopsy, tryptase � 200 ng/ml)

• Slight blood count abnormalities with no definite AHN

• Hepatosplenomegaly without functional impairment or
lymphadenopathy

C findings
• Bone marrow dysfunction from mast cell infiltration (absolute
neutrophil count <1000/ µL, hemoglobin <10 g/dL, and
platelet count <100,000/µL)

• Hepatic dysfunction with or without portal hypertension

• Hypersplenism

• Bone lesions (except osteoporosis)

• Malabsorption syndrome from mast cell infiltration of gut
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allo-HSCT, given his age as well as excellent performance status and lack or organ
dysfunction from the associated SM. Due to the lack of matched sibling or unre-
lated donor, a decision was made to perform haploidentical HSCT from his brother
and patient had an excellent outcome. Although there was a persistent bone marrow
infiltrate of neoplastic mast cells at day 34 after HSCT, this is often seen in the case
of SM-AHN after HSCT and does not require any intervention as long as there is no
evidence of the original AHN.

10.3.2 Case 2. ISM

A 61-year-old male developed a pruritic rash of small erythematous to brown
papules on his posterior thigh that spread through his trunk which he first noticed in
2013 (Fig. 10.1). He also noticed about 10 lb of weight loss. A skin biopsy from
left chest wall was performed in October of 2014 and histopathologic finding was
consistent with urticaria pigmentosa. Peripheral blood counts were normal. The
bone marrow biopsy in April 2014 showed normocellular bone marrow with
involvement by SM (spindle-shaped mast cells with aberrant CD25 expression
comprising less than 5% of cellularity) and normal trilineage hematopoiesis. KIT
D816V was detected by NGS at a variable allele frequency of 7.4%. There was no
hepatosplenomegaly on imaging. He also had elevated serum tryptase levels which
was 68.4 µg/L in March 2018. He was started on midostaurin 50 mg twice daily
starting October 2018. His pruritus and skin rash improved. Serum tryptase levels
are still elevated and was 303 µg/L in May 2020. He is tolerating midostaurin well
except for nausea managed with antiemetics.

Indolent SM is the second most common form of SM in adults. The term ISM is
used for patients with SM without an associated hematologic neoplasm and
with <20% mast cells in the bone marrow, low mast cell/disease burden (defined
as � 1 “B findings” as per Table 10.3), and no organ dysfunction (defined as no “C
findings” as per Table 10.3). Mast cell infiltrates may be detected in various organs
(including liver, spleen, and gastrointestinal tract) in ISM, but by definition there is
no organ dysfunction. Otherwise, the diagnosis would be ASM. If � 2 “B findings”

Fig. 10.1 Urticaria
pigmentosa rash in a patient
with ISM
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are present, the diagnosis changes to smoldering SM. The clinical course is gen-
erally indolent, though severe anaphylaxis can be seen more often compared to
more aggressive forms of SM. The KIT D816V mutation is detected in >90% of
ISM cases, with other KIT mutations detected in a portion of the remaining patients
upon sequencing of the KIT gene.

Case 2 has the typical presentation with urticaria pigmentosa dominating the
clinical picture. The patient did not have features related to other organ dysfunction
from mast cell infiltration (C findings). Therefore, he would be expected to have a
prolonged indolent clinical course and focus of therapy would be to manage
symptoms as well as prevent mast cell proliferation. Therapy directed at KIT
D816V mutation is appropriate in this case given the dominant role of this mutation
in pathogenesis of ISM. Although he responded well to midostaurin clinically with
significant improvement in skin rash, this was not reflected in tryptase level which
remained high. Therefore, it appears that tryptase level alone cannot be used to
follow response of SM to KIT-directed therapy and response should be assessed by

c

b

d

a

Fig. 10.2 Bone marrow features of SM. a Bone marrow biopsy from a patient with ISM showing
dense paratrabecular aggregates of spindle-shaped mast cells. Osteosclerosis is evident. Such
aggregates fulfill the major WHO criteria for SM. b Immunohistochemistry for mast cell tryptase
highlights the mast cell aggregates. c SM-AHN. Bone marrow aspirate showing increased mast
cells and myeloblasts in a case of SM associated with MDS with excess blasts-2. d Bone marrow
biopsy from SM associated with MDS showing dysplastic megakaryocytes and myeloid precursors
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a combination of clinical as well as pathologic features. Gastrointestinal side effects
from midostaurin can be significant and may require supportive management as in
this case.

10.4 Clinical Features of SM

The clinical features of SM result from release of mast cell mediators, infiltration of
organs, or the associated neoplasm in case of SM-AHN. Constitutional symptoms
like fever, night sweats, and weight loss are common. Mediators induce a wide
array of allergic-type symptoms including urticaria, episodic flushing, hypotension,
tachycardia, and bronchospasm [18]. The classic clinical finding of indolent forms
of SM is skin infiltration with mast cells manifesting as urticaria pigmentosa which
is a common presenting feature (Fig. 10.1). Patients may have bone lesions on
X-ray which includes osteosclerosis, osteoporosis, or lytic lesions and pathologic
fractures may occur. Hepatosplenomegaly is not uncommon, however lym-
phadenopathy is rare. Bone marrow involvement may manifest as peripheral blood
cytopenia which could be from mast cell infiltration or from the associated AHN.
Gastrointestinal symptoms include abdominal pain, nausea, diarrhea, and heartburn
and does not always denote infiltration of gastrointestinal tract with mast cells.
Neurologic symptoms of headache, cognitive impairment, and depression have
been observed [18]. In the case of SM-AHN, symptoms of mediator release as well
as urticaria pigmentosa and other organ infiltration are unusual and the diagnosis is
often made concurrently with or during the course of treatment of the associated
hematologic neoplasm, most commonly AML or MDS.

Laboratory studies for serum tryptase level are helpful in the initial diagnostic
work-up. In SM, a persistently elevated serum tryptase level (>20 ng/ml) is a minor
diagnostic criterion as per the WHO [1]. The levels vary according to the type of
SM; a greater proportion of ASM and SM-AHN patients exhibit a markedly ele-
vated serum tryptase level (>200 ng/ml) compared to the ISM. Levels over
200 ng/ml are also seen in smoldering SM which is characterized by a higher mast
cell burden compared to ISM [15]. However, serum tryptase levels are not specific
to SM and may be elevated in the presence of other myeloid neoplasms such as
AML, MDS, and CML. In the absence of another myeloid malignancy, serum
tryptase is a relatively specific marker for mast cell burden. In reactive mast cell
activation, serum tryptase is elevated during and within several hours of the
patient’s symptoms but returns to a normal level when the patient is asymptomatic,
indicating an episode of mast cell activation without an increase in total body mast
cell number. On the other hand, persistent elevation of baseline serum total
tryptase >20 ng/mL drawn while the patient is asymptomatic indicates an increase
in total body mast cell number. If baseline tryptase is elevated on two occasions, an
evaluation for SM should be pursued.
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10.5 Treatment of SM

The goals of treatment in SM are to improve mediator release symptoms as well as
to decrease mast cell burden in order to improve urticaria pigmentosa rash and other
organ dysfunction if present. In the case of SM-AHN, the primary goal is to treat
the AHN.

Attempts have been made to develop prognostic scoring systems for SM based
on clinical, laboratory, and molecular features. Details of these scoring systems
have been published elsewhere [15]. Some of the adverse prognostic factors include
age over 60 years and elevated alkaline phosphatase level (for non-advanced SM),
and anemia, thrombocytopenia, high tryptase level, lack of skin involvement as
well as presence of high-risk mutations in genes including ASXL1, RUNX1,
DNMT3A, SRSF2, and NRAS [15]. These mutations are a feature of advanced forms
of SM including SM-AHN where the AHN determines prognosis.

Given the universal presence of KIT mutation in SM and its role as the primary
driver of mast cell proliferation and survival, KIT inhibitors are the logical choice to
lower mast cell burden. Midostaurin (PKC 412) a multikinase inhibitor with known
targets including FLT3 and KIT was evaluated for SM. The phase II trial of
midostaurin in advanced SM showed an overall response rate (ORR) of 60% and a
major response was seen in 45% of patients. Complete remissions, however, were
not observed [20]. Based on these results, midostaurin received FDA approval for
advanced SM. The more selective KIT inhibitor avapritinib (BLU 285) is a potent
inhibitor of D816-mutated KIT and has shown higher response rate than midostaurin
in an ongoing Phase 1 study although it must be pointed out that the responses were
assessed by different criteria. The ORR for avapritinib was 77% which included 13%
CR and CR with partial hematologic recovery [21]. Response to therapy in the
avapritinib trial was assessed by the stringent International Working Group—
Myeloproliferative neoplasms Research and Treatment and the European Compe-
tence Network on Mastocytosis criteria where a CR was defined as resolution of all
symptoms and end-organ damage with blood counts as follows: ANC >1 x 109/l
with normal differential, hemoglobin level 11 g/dl, and platelet count (100 x 109/l),
resolution of hepatosplenomegaly and other end-organ damage, a tryptase level less
than 20 ng/ml, and resolution of neoplastic cells in the bone marrow or organ of
known involvement [22]. Midostaurin and avapritinib are FDA approved for
advanced SM. Gastrointestinal side effects, fatigue, and edema are commonly
observed side effects with these agents and often requires dose reduction.

In the very rare situation where D816 mutation in KIT is not detected, it is
important to sequence other exons of the KIT gene for mutations in its extracellular,
transmembrane, or juxtamembrane domains since some of these mutations are
sensitive to imatinib which can induce clinical response in such cases [18].
Cladribine has been used in advanced SM and has an ORR of around 50% with a
higher response rate in more indolent forms of SM [18, 23]. It may be a choice for
patients who fail KIT inhibitor therapy or need more rapid debulking of mast cell
burden. Interferon alpha in combination with corticosteroids has also shown activity
in SM but this therapy has more side effects and poor tolerability [18, 24].
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Relief of symptoms due to mediator release can be addressed by histamine
receptor blockers, corticosteroids, cromolyn sodium, and leukotriene antagonists.
Treatment of osteoporosis with biphosphonates has also been recommended [18,
19].

Majority of patients with advanced SM have associated AHN and curative
therapy for the AHN by allogeneic hematopoietic stem cell transplantation
(allo-HSCT) is the preferred approach in suitable candidates. Allo-HSCT for ASM
has been attempted as a potentially curative therapy for patients with advanced SM.
There are no randomized studies to show benefit and the largest experience is from
a retrospective series of 57 patients with following SM subtypes: SM-AHN (38
patients), MCL (12 patients), and ASM (7 patients). The overall survival at 3 years
was 57% but depended on type of SM (MCL: 17%, ASM: 43%, SM-AHN: 74%).
Diagnosis of MCL and use of reduced intensity conditioning were associated with
worse outcomes after HSCT [25]. The role and timing of allo-HSCT, as well as
optimal conditioning regimen, remain to be clarified in other forms of advanced SM
besides SM-AHN [26]. It is important to recognize that in case of SM-AHN, the
residual bone marrow mast cell infiltrate may persist after successful allo-HSCT
and does not mean failure of HSCT provided there is no evidence of the AHN.
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11.1 CASE 1: CAR-T Cell Therapy for Refractory/Relapsed
B-ALL with Extramedullary Disease

A 25-year-old female with Philadelphia chromosome negative B-ALL was evalu-
ated for salvage therapy with CD19-directed CAR-T cell therapy. She was diag-
nosed with ALL with MLL rearrangement 3 years previously. At diagnosis, she did
not have CNS involvement. HLA typing revealed her sister was histocompatible.
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She was in a minimal residual disease (MRD) positive morphologic remission after
induction on a pediatric regimen. She remained MRD positive after consolidation
and was subsequently treated with the CD19-CD3 bispecific antibody blinatu-
momab, which converted her to an MRD negative remission after one cycle. Her
course was complicated by neurotoxicity. She had subsequent consolidation with a
matched related allogeneic stem cell transplant (allo-HCT) from her sister after
myeloablative conditioning using fractionated total body irradiation and etoposide.
Unfortunately, despite adequate CNS prophylaxis, she developed a relapse in her
optic nerve. She was treated with radiation and intrathecal chemotherapy but
developed subsequent leptomeningeal relapse. She had an Ommaya reservoir
placed and received CNS radiation and intrathecal chemotherapy. Subsequently,
she had MRD relapse in the bone marrow with CNS relapse again and was treated
with blinatumomab. After one cycle, she was once again in MRD negative
remission, but at cycle 5 she relapsed again in the CNS. At that time, she was
treated with CD19-directed CAR-T cell therapy. Her post infusion course was
complicated by grade 3 neurotoxicity which resolved after corticosteroids. She was
once again in MRD negative remission after CAR-T cell therapy and has remained
disease free for more than 18 months.

Fig. 11.1 Engineered T cells: design of TCR versus CAR-T cells. T cells can be redirected to
have specificity for tumors by the introduction of (left) transgenic TCRs (T cell receptors) or
(right) CAR proteins. CARs are fusion proteins composed of an extracellular portion that is
usually derived from an antibody and intracellular signaling molecules derived from T cell
signaling proteins. First-generation CARs contain CD3f whereas second-generation CARs consist
of two costimulatory domains linked to CD3f. scFv, single-chain variable fragment; VH, variable
heavy chain; VL, variable light chain. Figure [2] Adapted from CAR-T cell immunotherapy for
human cancer, June et al 2018, AAAS. Reprinted with permission from AAAS, copyright 2018 by
AAAS
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11.2 Discussion

What are CAR-T cells?

Chimeric Antigen Receptor T (CAR-T) cells are a form of adoptive immunotherapy
in which T cells are collected, genetically manipulated in vitro, and then introduced
into the patient. The manipulation involves transduction of a genetic construct
designed to express a novel transmembrane protein, the chimeric antigen receptor
(CAR) [1]. This chimeric protein is designed to have several domains in order to
achieve tumor antigen specificity, adequate stimulation, and T cell activation.
A prototypical CAR protein is depicted in Fig. 11.1, which has been reproduced
from a prior publication with permission [2]. The extracellular antigen recognition
domain is typically designed utilizing an immunoglobulin single-chain variable
region known to recognize and bind a target protein [1]. In the case of CAR-T cells
for ALL, this target protein most often is CD19. The rationale for CD19 as a target
comes from several facts including its near-universal expression in B-ALL, its high
level of expression on B cells, and its specificity and restricted expression mainly to
B cells and not other cells or tissues in the body [3]. Additional CAR-T cell do-
mains include the hinge region, the transmembrane domain, and the intracellular T
cell stimulatory domain. The stimulatory domain is typically derived from the
CD3f molecule, the function of which is to activate the T cell in response to CAR
binding to the target protein. Early studies with CAR-T cells demonstrated
increased efficacy with the presence of costimulatory domains within the CAR
molecules [4–10]. As such, second-generation CAR-T cells are designed to also
contain a second intracellular domain that acts as a co-stimulator. These are typi-
cally derived from the CD28 molecule or 4-1BB. Additional domains may include
linkers, such as a portion of the epidermal growth factor receptor, for which there is
a humanized antibody. The rationale for this linker being that if it became necessary
to remove or inactivate the CAR-T cells within a short time period, inactivating
antibodies targeting the linker region could be utilized. In this way, there is a
backup in place to control CAR-T cell function in the case of toxicity. Once joined
together, these domains make up the CAR gene. Once it is constructed, the chimeric
antigen receptor gene is transduced into T cells, typically with the use of viral
vectors. After generation of the CAR expressing T cells, they are expanded and
transfused into the patient.

What is the indication for CAR-T cells in patients with ALL?

Tisagenlecleucel is an autologous CAR-T cell product designed to target CD19 and
is approved by the United States Food and Drug Administration (FDA) for the
treatment of patients that are aged 25 or younger with B cell precursor acute
lymphoblastic leukemia that is refractory or in second or later relapse [11]. It is
currently the only FDA-approved CAR-T cell therapeutic approved for ALL at this
time.

How are CAR-T cells manufactured and administered?
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The T cell collection andmodification process can vary to some degree, depending on
the specifications of the manufacturing site. This process has been reviewed previ-
ously [12–15]. Several steps are employed, however, regardless of this variability. For
autologous CAR-T products, first, T cells are collected from the patient through
leukapheresis. Second, the collected bulk T cells may be enriched or purified further.
Next, the T cells are activated in culture using cytokines or other similar techniques.
The CAR transgene is then introduced into the T cells. These T cells are then cultured
further and expanded. Finally, the cells are reintroduced into the patient [12, 14, 16].
Prior to infusion of the CAR-T cell product, however, patients are typically treated
with lymphodepleting chemotherapy. The combination of fludarabine and
cyclophosphamide is commonly used. The idea behind this step is to remove inhi-
bitory endogenous T regulatory cells, allowing enhanced activation and propagation
of the CAR-T cells. Several studies indicate this step is critical to increase CAR-T cell
expansion, increase serum CAR-T cell peak numbers, enhance response rates to
CAR-T cells as well as improve long-term survival [17–21]. Of note, however,
lymphodepleting chemotherapy is also associated with increased toxicity, with
reportedly higher rates of cytokine release syndrome (CRS) and cytokine-related
encephalopathy syndrome (CRES) [20, 22]. After T cell infusion, patients are typi-
cally kept in the hospital for a period of time for close monitoring for toxicity.

What is the efficacy of CAR-T cell therapy in B-ALL?

The efficacy of CD19-directed CAR-T cell therapy has been demonstrated in B cell
malignancies in several early trials [23–28]. In addition, several larger trials have
evaluated the efficacy of CD19-directed CAR-T cell therapy in B cell ALL with
response rates as high as 90% [29–31]. A single institution study demonstrated an
83% CR rate in 53 adult patients with heavily pretreated relapsed or refractory B
cell ALL age 23–74 [29]. Patients with lower disease burden tended to have more
lasting remissions and better outcomes [event-free survival (EFS) 11 months,
overall survival (OS) >20 months] compared to patients with higher disease burden
or extramedullary disease (OS 12 months). In addition, the only currently
FDA-approved CAR-T cell product, tisagenlecleucel, was evaluated for overall
remission rate in a multi-center phase 2 study in children and young adults with
relapsed or refractory, CD19 positive, B cell ALL [30]. 75 patients received
infusion of the autologous CAR-T cell product and were evaluated for efficacy. The
primary endpoint, overall remission rate at 3 months, was 81%. Importantly, all
patients achieving remission were negative for MRD. EFS was 73% at 6 months
and dropped to 50% at 12 months, while OS was 76% at 12 months.

Are CAR-T cells effective for CNS disease and/or extramedullary disease?

Several lines of evidence indicate a role for CAR-T cell therapy for CNS relapses of
B-ALL. First, it has been demonstrated in several studies that CAR-T cells are
capable of penetrating the central nervous system and CAR-T cells have been
detected in the CNS [28, 32, 33]. In addition, CAR-T cell therapy has proven
efficacious at clearing CNS relapses and preventing CNS recurrence. For example,
in an NCI study, the two patients with known CNS disease had clearance after
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CD19-directed CAR-T cell infusion [28]. Additionally, in a study by the University
of Pennsylvania, 12 patients with known CNS disease had clearance of their leu-
kemia and overall remission after CAR-T cell therapy [33]. Four patients ended up
relapsing, but their CNS remained free of disease.

Extramedullary disease, especially extramedullary relapse after allo-HCT, con-
fers a dire prognosis in B-ALL. There is currently no standard therapy, although
combinations of chemotherapy, immunotherapy, stem cell transplant, radiation, and
other therapies have been attempted. There is a relative paucity of studies inves-
tigating this particular disease site; however, seven patients on an early phase trial
and additional published cases have demonstrated the efficacy of CD19-directed
CAR-T cell therapy in extramedullary B-ALL, even in extramedullary relapse after
allo-HCT [34–36]. Although no large controlled studies have been published on
this topic to date, these preliminary reports are encouraging in this subset of patients
with limited effective treatment options.

11.3 CASE 2: Identification and Management of CAR-T Cell
Toxicities

A 20-year-old male was diagnosed with B-ALL at age 7. He was treated to
remission with a pediatric protocol and relapsed 1 year after completing his ther-
apy. He achieved a second remission only to relapse again 4 years later. At that
time, he had salvage chemotherapy followed by matched related sibling allo-HCT.
Six months after the transplant he developed a CNS only relapse that was treated
with radiation and intrathecal chemotherapy. He then developed a systemic relapse
that was refractory to donor lymphocyte infusion and he relapsed in the CNS again
as well shortly after that. He was treated with blinatumomab and additional donor
lymphocyte infusions for salvage therapy and achieved remission. Subsequently, he
relapsed again in the CNS and at a low level in the bone marrow as well. He was
treated with CD19-directed CAR-T cell therapy. Four days after CAR-T cell
infusion, the patient developed high fevers up to 39.4 degrees Celsius. He devel-
oped hypotension that initially responded to IV fluid hydration but subsequently
required vasopressor support. He received two doses of tocilizumab at 8 mg/kg IV
and his fevers subsided and blood pressure normalized. At 8 days after the CAR-T
cell infusion, the patient was noted to no longer be able to write a sentence, he was
confused and unable to answer questions or follow commands. Neurologic work-up
including brain MRI and EEG showed no evidence of etiology and the patient was
initiated on dexamethasone 10 mg IV with rapid improvement of his neurologic
status back to baseline. He was subsequently tapered off of the corticosteroids
without event.
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11.4 Discussion

What are the common toxicities of CAR-T cells?

CAR-T cell therapy has a toxicity profile that is unique and can differ to some
extent in severity based on factors like the design of the CAR itself, target of the
CAR-T cell, the T cell source, as well as other factors. As such, the toxicity profile
of a particular CAR-T construct as well as the risk of development of various
toxicities can be somewhat difficult to judge. Despite this fact, several common
toxicities have been documented in ALL patients and patients with other B cell
malignancies treated with CD19-directed CAR-T cell therapy. The two most
common toxicities to date have consisted of cytokine release syndrome (CRS) and
neurotoxicity, sometimes referred to as CAR-T-related encephalopathy syndrome
(CRES) or immune effector cell-associated neurotoxicity syndrome (ICANS). The
nomenclature and grading of these toxicities have been evolving over the last
several years. In an effort to standardize these toxicities, the American Society of
Transplant and Cellular Therapy (ASTCT) facilitated a meeting of experts from
multiple centers including representatives from the Center for International Blood
and Marrow Transplant Research (CIBMTR), the American Society of Hematology
(ASH), and the National Cancer Institute (NCI). This meeting published approved
consensus recommendations for the naming and grading of CRS and neurotoxicity
associated with immune effector cells [37].

In clinical trials utilizing CD19-directed CAR-T cell therapy, the most com-
monly reported toxicity was CRS, reportedly occurring as frequently as 74–100%
of the time [22, 30, 38, 39]. The pathogenesis is thought to involve a process
catalyzed initially by the release of effector cytokines by activated CAR-T cells

Table 11.1 Signs and symptoms of CRS

Organ system Signs/symptoms

Constitutional Fever, rigors, malaise, fatigue, anorexia, arthralgias

Cardiovascular Tachycardia, widened pulse pressure, hypotension, arrhythmias, decreased
LV EF, elevated cardiac enzymes, prolonged QT interval

Gastrointestinal Nausea, emesis, diarrhea, transaminitis, hyperbilirubinemia

Hematologic Pancytopenia, B cell aplasia, prolonged prothrombin and activated partial
thromboplastin time, elevated D-dimer, hypofibrinogenemia, disseminated
intravascular coagulation, hemophagocytic lymphohistiocytosis

Musculoskeletal Myalgias, elevated creatine kinase, generalized weakness

Neurologic Headaches, altered level of consciousness, delirium, aphasia, agraphia,
ataxia, tremor, myoclonus, seizures

Pulmonary Tachypnea, hypoxia, capillary leak

Renal Acute kidney injury, hyponatremia, hypokalemia, hypophosphatemia,
tumor lysis syndrome
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upon their recognition of target. Cytokines implicated include interleukin-2, inter-
feron gamma, and tumor necrosis factor- alpha. This in turn leads to an overpro-
duction of cytokines, including interleukin- 6, interleukin- 10, among others, by
macrophages and endothelial cells as well as various additional immune and other
cell types leading to a systemic inflammatory response. The ASTCT defines CRS as
“a supraphysiologic response following any immune therapy that results in the
activation or engagement of endogenous or infused T cells and/or immune effector
cells. Symptoms can be progressive, must include fever at the onset, and may
include hypotension, capillary leak (hypoxia) and end organ dysfunction” [37].

Signs and symptoms of CRS demonstrate involvement of multiple organ sys-
tems and can range from mild, which include fever, myalgias, fatigue, mild
hypotension, to severe symptoms, including respiratory failure, coagulopathy, and
multi-organ failure, summarized in Table 11.1. Laboratory tests may demonstrate
elevation of inflammatory markers including C-reactive protein (CRP) and ferritin
and in more severe cases, evidence of end organ damage may be evidenced by
rising serum creatinine, bilirubin, or liver enzymes. The onset of symptoms typi-
cally occurs within 1–5 days of T cell infusion and commonly is heralded by fevers.

Several grading systems have been employed previously including the National
Cancer Institute Common Terminology Criteria for Adverse events (CTCAE) v4.03
[40] and v5.0 [41], other criteria proposed by Lee et al. [42], criteria proposed by
the Memorial Sloan Kettering Cancer Center [29], the CARTOX criteria published
by the MD Anderson Cancer Center CAR-T Therapy-Associated Toxicity Working
Group [43], and the Penn Criteria [44] published by the University of Pennsylvania.
Each of these grading systems had benefits and drawbacks. The use of various
grading systems in different CAR-T trials made the uniform implementation of a
single grading system that could guide therapeutic intervention more difficult. In an
attempt to address this, as discussed above, the grading system published by the
ASTCT in 2018 as part of a consensus statement meant to make identification and

Table 11.2 CRS grading, [35] Adapted from the CTCAE consensus guidelines

CRS
parameter

Grade 1 Grade 2 Grade 3 Grade 4

Fever Temp. � 38 °
C

Temp. � 38 °
C

Temp. � 38 °C
with

Temp. � 38 °C

Hypotension None Not requiring
vasopressors
and/or

Requiring
vasopressor with
or without
vasopressin
and/or

Requiring
multiple
vasopressors
(excluding
vasopressin)

Hypoxia None Requiring
low-flow nasal
cannula or
blow-by
(� 6L/minute)

Requiring
high-flow nasal
cannula,
facemask,
nonrebreather
mask, or Venturi
mask

Requiring positive
pressure
ventilation (e.g.,
CPAP, BiPAP,
intubation, and
mechanical
ventilation)
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treatment of CAR-T-related toxicities more uniform and simplified. In this system,
for CRS grading, there is a distinction between fever (required for all grades),
hypotension requiring vasopressors (grade 3 or 4), or amounts of supplemental
oxygen (grade 2 is low flow, grade 3 is high flow, grade 4 is positive pressure) to
note grades 1–4, summarized in Table 11.2 [37]. The management of these toxi-
cities will be discussed below.

Neurotoxicity is another common toxicity associated with CAR-T cell therapy. It
is not completely unique to this type of adoptive immunotherapy, however, so
broader terms have been used to identify this syndrome. These have included
CAR-T-related encephalopathy syndrome (CRES) and immune effector
cell-associated neurotoxicity syndrome (ICANS) [37, 43]. Although related to CRS,
this syndrome can appear independently of CRS and has a timing of onset that is
distinct as well. It can reportedly occur any time after CAR-T cell infusion and can
occur before, during, after, or even in the absence of CRS. Symptoms include
headache, seizures, delirium, anxiety, tremor, impaired writing ability, aphasia,
decreased consciousness, and can progress to coma with cerebral edema. Many
patients will have a stepwise progression of stereotypic symptoms presenting ini-
tially with tremor, dysgraphia, mild expressive aphasia, apraxia, mild lethargy, and

Table 11.3 ICANS grading, [35] Adapted from the CTCAE consensus guidelines

Neurotoxicity
domain

Grade 1 Grade 2 Grade 3 Grade 4

ICE score 7–9 3–6 0–2 0 (patient is
unarousable, unable to
perform ICE)

Depressed
level of
consciousness

Awakens
spontaneously

Awakens
to voice

Awakens only to tactile
stimulus

Patient unarousable or
requires vigorous
repetitive tactile stimuli
to arouse Stupor or
coma

Seizure N/A N/A Any clinical seizure that
resolves rapidly or
nonconvulsive seizure
on EEG that resolves
with intervention

Life-threatening
prolonged seizure
(>5 min), or repetitive
clinical or electrical
seizures without return
to baseline

Motor
findings

N/A N/A N/A Deep focal motor
weakness such as
hemiparesis or
paraparesis

Elevated
ICP/cerebral
edema

N/A N/A Focal/local edema on
neuroimaging

Diffuse cerebral edema
on neuroimaging,
decerebrate, or
decorticate posturing;
cranial nerve VI palsy;
papilledema; or
Cushing’s triad
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impaired attention. The expressive aphasia appears to be a very specific symptom of
neurotoxicity related to CAR-T cell therapy. In more severe cases, the aphasia can
progress to global aphasia, where the patient is essentially mute and unable to
follow commands, while still appearing awake. Lethargy may progress to frank
coma. Rarely, cerebral edema may occur concurrently and can be fatal. ICANS
grading is summarized in Table 11.3.

The underlying pathophysiology has yet to be elucidated, although several theories
and preliminary evidence exist. There is suggestion of off target CAR-T activation
within the CNS leading to production of cytokines within this domain. Other theories
suggest that cytokines from the blood stream may disrupt the blood-brain barrier and
also influence endothelial cells on the blood-brain barrier to secrete IL-6 [20].
Regardless of the etiology, the ASCTC consensus definition is as follows: “a disorder
characterized by a pathologic process involving the central nervous system following
any immune therapy that results in the activation or engagement of endogenous or
infused T cells and/or other immune effector cells. Symptoms or signs can be pro-
gressive and may include aphasia, altered level of consciousness, impairment of
cognitive skills, motor weakness, seizures, and cerebral edema” [37].

What are risk factors associated with the development of CRS?

Several factors have emerged as being potentially correlated with rates of toxicity
after CAR-T cell therapy. Disease type tends to correlate with frequency of CRS
with NHL rates (30–57%) being lower than those seen in ALL (74–100%) [45]. In
addition, tumor burden correlated with rates of CRS and neurotoxicity. For example,
ALL patients with >25% blasts in the bone marrow had significantly higher rates of
CRS, while very low CRS rates were seen in patients with <5% bone marrow blasts
[46]. Interestingly, lymphodepleting chemotherapy in these cases actually led to
lower rates of CRS, suggesting a greater importance in the response to the bone
marrow burden of disease rather than the increased toxicity seen from depletion of
regulatory T cells. Additional factors related to development of CRS may include the
epitope chosen on the target protein, composition of the T cell subpopulation, and
the CAR-T cell dose and expansion peak. Despite this knowledge, it is difficult to
predict if a patient will develop CRS or which patient will develop severe CRS. Most
available biomarkers that can be measured in real time, including CRP and ferritin,
tend to increase simultaneously with worsening CRS, rather than antecedently,
making them poor markers for CRS severity prediction [46].

How is CRS managed after CAR-T cell administration?

Although there are no consensus guidelines to guide the therapy for CRS, some
practical experience from prior clinical trials as well as experts in the field can
provide some assistance. Once CRS is suspected, typically due to the presence of
fevers after CAR-T cell administration, it is important to rule out other causes of
fever, such as infection, particularly since many of these patients will be neu-
tropenic. A thorough history and physical examination with tailored laboratory
testing, including blood cultures, should be performed with additional testing as
clinically indicated. Supportive measures should be initiated in the presence of
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more severe CRS symptoms such as addition of supplemental oxygen for hypox-
emia or fluid resuscitation for hypotension. Monitoring in the ICU and use of
vasopressors or positive pressure ventilation for rapidly progressive or severe CRS
should be performed as indicated. Typically, stable grade 1 CRS can be monitored,
while more severe CRS with demonstration of end organ damage, or rapidly
worsening CRS should be treated. The IL-6 receptor antagonist, tocilizumab, has
been utilized extensively to ameliorate CRS toxicities after CAR-T cell infusions in
several trials [17, 26–28, 32, 47]. Evidence indicates that use of tocilizumab does
not affect CAR-T cell efficacy in patients with B cell ALL [28, 32]. Based on these
published experiences, tocilizumab has gained FDA approval for use in
CAR-T-related CRS. The recommended dosing for tocilizumab varies from 4 to
8 mg/kg with a capped dose of 800 mg total per dose. Repeat dosing can be given
every 8 h up to 3 doses. If no improvement is seen, or the CRS continues to
progress despite tocilizumab, additional interventions should be sought, including
consideration of corticosteroids [26, 42]. There is no consensus on which corti-
costeroid is most efficacious, however most commonly dexamethasone is utilized.

There is some evidence to suggest that the use of corticosteroids may negatively
influence the efficacy and persistence of CAR-T cells [23, 26], despite this fact, they
have been used to effectively treat the toxicities of CRS in several studies [23, 26–
28, 47, 48]. Given the potential for disrupting CAR-T cell therapeutic efficacy, their
use for CRS is typically reserved for patients who fail to respond to tocilizumab.
Other agents that can be considered for use in management of CRS toxicity include
drugs that target IL-6, such as siltuximab [49], as well as those that target other
cytokines, including infliximab [42], etanercept [17, 27, 42], and anakinra [42]. To
date, there is no clear evidence to guide use of one agent over another.

How is neurotoxicity managed after CAR-T cell administration?

As discussed above, although there may be some overlap between CRS and neu-
rotoxicity after CAR-T cell infusions, they do appear to be different syndromes. As
such, the therapies and interventions differ. In addition, it is important to remain
vigilant for neurotoxicity even after CRS is resolved or in the absence of CRS as it
can occur independently. There is some evidence that neurotoxicity is mediated by
CNS production of cytokines. These may be due to the presence of CAR-T cells in
the CNS, as it has been previously shown that CAR-T cells can enter the CNS and
are effective at treating CNS involvement by leukemia and preventing CNS relapse
[17, 27, 28, 32, 50, 51]. In addition, there may be a role for IL-6 as well, given that
high levels of IL-6 were identified in the CSF of patients experiencing neurotoxicity
[42]. The use of tocilizumab in the treatment of neurotoxicity is questionable for
two important reasons. First, the drug is thought to not be able to pass into the CNS
[52]. As such, it is not able to influence the cytokines in that compartment. Second,
tocilizumab is a monoclonal antibody against the IL-6 receptor, rather than the
cytokine itself. As such, there is some evidence that levels of IL-6 may actually
increase after tocilizumab administration [53]. Corticosteroids have shown excel-
lent efficacy in ameliorating the neurotoxicity of CAR-T cell therapy. Dexam-
ethasone is commonly utilized, given its excellent CNS penetration. Given the
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potential to compromise the efficacy of the CAR-T cells, it is typically withheld
unless the neurotoxicity is beyond grade 2.

It is important to keep in mind that there may be other etiologies of neurotoxicity
in patients being treated with CAR-T cell therapy. As such, a thorough work-up
should be performed, including neurology consultation, brain imaging, and CSF
sampling as clinically indicated. Evaluation for occult seizure activity with EEG
monitoring and utilization of anti-epileptics may also be indicated.

11.5 CASE 3: Sequencing CAR-T Cell Therapy with Other
Treatments for Refractory/Relapsed B- ALL

A 20-year-old male was diagnosed with Philadelphia chromosome like precursor
B-ALL with a CRLF2 rearrangement at age 19. He was refractory to induction with
a pediatric regimen. He had minimal response to salvage therapy with blinatu-
momab despite showing CD19 expression on his leukemic blasts. His blasts con-
tinued to express CD 19 and he was evaluated for CAR-T cell therapy. He tolerated
the infusion and post-treatment period with minimal complications. He had grade 1
CRS and mild neurotoxicity that were managed supportively. After therapy, his
bone marrow biopsy results indicated that he had achieved an MRD negative
remission after CD19-directed CAR-T cell therapy. At 6 months post infusion, he
developed MRD only relapse at a very low level detected by multi-parameter
FLOW cytometry. He proceeded to allo-HCT with his matched sibling as donor and
received myeloablative conditioning with FTBI and etoposide. His follow-up is
ongoing at this time.

11.6 Discussion

What is the optimal timing of CAR-T cell therapy in relation to other treat-
ments including stem cell transplant?

Despite the evidence of efficacy of CD19-directed CAR-T cell therapy in B-ALL,
there are still many unanswered questions. Currently, adoptive immunotherapies,
such as the CD19 bispecific T cell engager, blinatumomab, and immune targeted
therapies, namely, the CD22 drug antibody conjugate inotuzumab, have shown
promise in the relapsed and refractory setting. The optimal timing in relation to
CAR-T cell therapy and effect on CAR-T cell efficacy have not been well studied to
date. In a small case series, prior treatment with blinatumomab and/or inotuzumab
did not appear to influence efficacy of CD19 CAR-T cell therapy [54]. One concern
for using blinatumomab prior to CAR-T cell therapy would be the occurrence of
CD19 negative relapse which would obviate the use of CD19-directed CAR-T cells.
Additional studies are necessary to more clearly answer these questions, including
investigation of the possibility of similar mechanisms of resistance to
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blinatumomab and CD19 CAR-T cell therapy given their overlapping mechanism
of action.

Allo-HCT is a mainstay of consolidation therapy for patients with B-ALL in
remission with intermediate and high risk for relapse. The optimal timing of
CD19-directed CAR-T cell therapy in relation to allo-HCT remains incompletely
elucidated [55, 56]. Some limited studies have reported no difference in outcomes
of patients who relapsed after prior allo-HCT compared to those with no prior
history of allo-HCT [56, 57]. These studies were not randomized or controlled and
as such the published observations are useful for the design of future studies to more
completely address this question. Despite the limitation, nothing appears to be lost
by having prior allo-HCT before CAR-T cell therapy.

Prior to the advent of CAR-T cell therapy, outcomes for patients with B cell
ALL that have relapsed after allo-HCT were dismal, with less than 10% remission
rates, most of which were transient [58]. This group of patients, however, has
excellent remission rates after CAR-T cell therapy. Majority of evidence suggests,
however that for durable remission after CAR-T cell therapy, either long-lasting
immune surveillance by the CAR-T cells must be present, or the patient must
receive consolidation therapy with allo-HCT, in some cases a second or third
transplant [55]. This topic is discussed further below.

Does CAR-T cell therapy require consolidation treatment with allo-HCT?

Allo-HCT represents a curative approach consolidation therapy for acute leukemia
in patients with relapsed and high-risk disease. The effectiveness is due to a
combination of both conditioning regimen and graft versus leukemia
immune-mediated effects [59, 60]. The level of active disease burden at the time of
transplant correlates with outcomes [61]. To this end, CAR-T cell therapy may
represent an attractive approach for inducing MRD negative remission in prepa-
ration for allo-HCT. Several studies have indicated excellent outcomes utilizing this
approach, even in the case of relapse after prior transplant [55]. But the question
remains whether consolidation with allo-HCT is a requirement after CAR-T cell
therapy for long-term remission.

Theoretically, long-term remission can be attained with the use of CAR-T cell
therapy if long-term immune surveillance is maintained. This would require the
persistence of CAR-T cells as well as persistence of expression of the CAR target
on leukemic cells. Several determinants of CAR-T persistence have been described
including the type of lymphodepleting chemotherapy [17, 62], the disease burden
[17], and the CAR costimulatory domain [8]. The combination of fludarabine and
cyclophosphamide was demonstrated to be superior to cyclophosphamide alone in
terms of promoting durability and expansion of CAR-T cells as well as improving
remission rates. The evidence of disease burden is not as clear-cut as only one study
demonstrated more robust CAR-T cell proliferation in pediatric patients with higher
blast counts. The costimulatory molecule, however, has the most robust effect on
CAR-T cell persistence. For second-generation CARs, direct comparison of
CD28-based CARs to those containing 41BB costimulatory molecules has shown
that the presence of 41BB led to less cell exhaustion and a greater presence of
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central memory phenotype CAR-T cells as well as direct measurements of per-
sistence in vivo [28, 32, 63, 64].

Even with the persistence of CAR-T cells in vivo, the expression of target
protein on the leukemic cells must also be present for the CAR-T cells to remain
effective. In fact, loss of CD19 expression, loss of the targeting epitope of CD19 by
alternative splicing mutations, as well as phenotypic switch from ALL to AML are
all mechanisms of leukemic escape from CAR-T therapy [32, 62, 65–73].

One potential method for overcoming the eventual acquired resistance to CAR-T
cell therapy would be consolidation with allo-HCT. In this manner, a more diverse
and responsive immune mechanism of surveillance could be employed by the donor
immune cells to maintain longer remissions. Efficacy of this approach has been
suggested by outcomes in several studies of patients treated with CAR-T cell
therapy that ended up going on to allo-HCT compared to those that did not. It
should also be noted that preliminary data suggest MRD negative remission prior to
consolidation with allo-HCT is also a critical determinant of outcomes in this
situation. For example, in a pediatric trial conducted at the NCI, 2 out of 21 patients
treated to CR with CAR-T relapsed after consolidation with allo-HCT, while 6 out
of 7 relapsed of those treated without allo-HCT [28, 74]. A similar trend was seen in
patients treated on other studies as well [17, 28–30, 32, 34, 62, 74, 75].

11.7 Summary and Future Directions

CD19-directed CAR-T cell therapy represents a very efficacious, FDA-approved
therapy for relapsed or refractory B cell acute lymphoblastic leukemia. CAR-T cell
therapy has a diverse and variably severe set of toxicities and a trend toward a
unified description, grading, and treatment of these toxicities is ongoing. Several
resistance mechanisms exist allowing for relapse after CAR-T cell therapy. The
optimal selection of patients for CAR-T cell therapy has not been completely
elucidated and taking into consideration the factors specific to the disease as well as
all other available therapies is important. Some of the challenges and drawbacks of
CAR-T cell therapy, especially in B-ALL which can be a rapidly fatal disease,
include the cost of the treatment as well as the time it takes for manufacturing the
cells. This timeframe can take as long as 2–3 weeks in some instances, during
which time the patient may have uncontrolled growth of disease. Ongoing studies
include targeting of other leukemia molecules such as CD22, manipulation of
CAR-T cells and CAR constructs, and combination of CAR-T therapy with other
immunotherapies, among others. One interesting future direction involves the
combination of two CAR-T populations targeted against both CD19 and CD22. In
this way, it is thought the therapy may overcome the resistance brought about by
loss of CD19 expression. Overall, this adoptive immunotherapy has already
improved the lives of many with a previously incurable subset of ALL, and the
future holds the promise of optimizing this treatment further.
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