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Preface

The genomic revolution has led to significant advances in understanding the genetic 
mechanisms underlying the pathophysiology of acute lymphoblastic leukemia 
(ALL). These studies in turn have identified new targets and treatment modalities 
for this challenging form of acute leukemia. They have also resulted in advances in 
our ability to detect minimal or measurable residual disease (MRD), which has 
enhanced our ability to prognosticate and tailor therapy.

In this textbook, entitled Clinical Management of Acute Lymphoblastic Leukemia: 
From Bench to Bedside, we have brought together noted experts in ALL to provide 
the reader with comprehensive information on the basic and translational science 
that underpins our new knowledge of the pathogenesis of ALL. Separate chapters on 
the genetics of B-cell and T-cell ALL highlight these new developments. A chapter 
on MRD assessment in ALL spotlights the translation of basic science discoveries 
to refinements in this essential prognostic tool.

We follow these exciting developments with multiple chapters highlighting 
advances in the treatment of B- and T-cell ALL across the age spectrum from infants 
to elderly adults. We also highlight the significant progress that has been seen in the 
treatment of children and adults with Philadelphia chromosome-positive ALL and 
highlight the management of the new entity of Philadelphia-like ALL. This part 
concludes with important chapters on the diagnosis and management of central ner-
vous system ALL and the progress and challenges in the management of late 
sequelae of ALL therapy.

We conclude the book with an important part on new treatment modalities and 
highlight the tremendous advances that have been seen with development of mono-
clonal antibody-based and chimeric antigen receptor T-cell therapies. While 
advances in the treatment of T-cell ALL have lagged behind those in B-cell ALL, 
there are new agents on the horizon for this challenging subtype of ALL and we 
highlight these in a separate chapter. Finally, given all these new developments we 
conclude with updated information which refines the role of hematopoietic cell 
transplantation in both children and adults.
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We hope readers will find this comprehensive textbook helpful as they confront 
the new opportunities and challenges of treating children and adults with ALL.

Rochester, MN, USA Mark R. Litzow
New York, NY, USA Elizabeth A. Raetz

Preface
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Chapter 1
Molecular Pathways and Targets in B-Cell 
Progenitor Acute Lymphoblastic Leukemia

Kathryn G. Roberts and Charles G. Mullighan

 Introduction

Acute lymphoblastic leukemia (ALL) is a neoplasm of B- or T-lineage lymphoid 
progenitors, with B-cell precursor ALL (BCP-ALL) representing the more common 
lineage of disease in both children and adults. BCP-ALL comprises over 20 subtypes 
characterized by constellations of genetic alterations, including aneuploidy, 
chromosomal rearrangements, DNA copy number alterations, and sequence 
mutations and, typically, distinct gene expression profiles [1–3]. As described in this 
review, the subtypes of B-ALL show variability in the nature of the initiating lesion 
(e.g., single or multiple chromosomal rearrangements, sequence mutations, or 
aneuploidy), secondary genetic alterations, and outcome. The prevalence and 
prognosis of each subtype is age dependent. Moreover, there is growing appreciation 
of the role of germline coding and non-coding variants in predisposing to ALL, both 
in familial and sporadic cases, and, in some instances, predisposing to specific 
subtypes of ALL, a striking example being germline TP53 alterations and low 
hypodiploid ALL [4]. In the majority of subtypes of B-ALL, secondary genomic 
alterations are important events required for leukemogenesis, and also influence the 
risk of relapse [5, 6] (Fig. 1.1). Indeed, it is now recognized that in the majority of 
cases of B-ALL, the disease is usually polyclonal at the time of diagnosis, and when 
relapse occurs, there is substantial genomic evolution with clonal rise and fall and 
mutational extinction, convergence, and emergence [7–9]. Herein, we review the 
genomic landscape of BCP-ALL, including discussion of the role of germline pre-
disposition and the genetics of clonal evolution and relapse. This review will empha-
size illustrative examples of recently defined subtypes of ALL and highlight 

K. G. Roberts · C. G. Mullighan (*) 
Department of Pathology, Hematological Malignancies Program, St. Jude Children’s 
Research Hospital, Memphis, TN, USA
e-mail: Kathryn.Roberts@STJUDE.ORG; Charles.Mullighan@STJUDE.ORG
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https://doi.org/10.1007/978-3-030-85147-7_1#DOI
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potential avenues for diagnostic implementation and therapeutic targeting of 
relapsed ALL with an emphasis on newly described entities and targets during the 
past decade.

 Historic Aspects of Genetic and Genomic Classification 
of B-ALL

For many years, genetic classification of B-ALL was performed by cytogenetic 
karyotyping and complementary targeted fluorescence in situ hybridization (FISH) 
and molecular assays for specific chromosomal rearrangements and fusions [10]. 
These identified aneuploid B-ALL with high hyperdiploidy and hypodiploidy; 
chimeric fusions including ETV6-RUNX1, BCR-ABL1, and TCF3-PBX1; and 
rearrangement of KMT2A (MLL) in approximately two thirds of childhood 
ALL. Due to the low prevalence of high hyperdiploidy and ETV6-RUNX1 in older 
individuals, over 50% of adult cases were unclassified [11]. This, coupled with the 
observation that many of these alterations were insufficient for leukemogenesis in 
experimental models, and the ability to detect several alterations at birth in cord 
blood or blood spots [12] years prior to the onset of leukemia, indicated that many 
cases of ALL had unidentified drivers and that collaborating genetic alterations are 
required for leukemogenesis in many cases.

The advent of microarray profiling of gene expression and DNA content (array- 
based comparative genomic hybridization, array-CGH, and single-nucleotide poly-
morphism (SNP) arrays) demonstrated that known subtypes of B-ALL exhibited 
relatively distinct gene expression profiles and could identify cases and subgroups 
that lacked a known driver [13–15]. SNP arrays identified multiple recurring DNA 
copy number alterations (CNA), particularly alterations in transcriptional regulators 

Fig. 1.1 Schema of the temporal pathogenesis of BCP-ALL

K. G. Roberts and C. G. Mullighan
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of lymphoid development (PAX5, IKZF1, EBF1), providing valuable insights into 
the nature of co-alterations in B-ALL [16, 17]. These approaches were largely inca-
pable of robustly identifying subtype-defining new alterations, in part due to the 
limited ability to identify chromosomal rearrangements and chimeric fusion 
oncoproteins.

Transcriptome sequencing (RNA-seq) has been the most powerful single experi-
mental approach in enabling a near-complete understanding of the molecular clas-
sification of B-ALL and the genomic drivers responsible. Although not able to fully 
identify all sequence and structural alterations, RNA-seq provides a wealth of data 
regarding gene expression, gene rearrangement, chromosomal aneuploidy, and 
mutations. The combination of all four data types has proven necessary in classify-
ing B-ALL. The first advance in subtyping of B-ALL using RNA-seq was the iden-
tification of Ph-like (BCR-ABL1-like) ALL, a subtype first recognized using 
microarray gene expression profiling [18, 19], but requiring RNA-seq to resolve the 
remarkable diversity in genetic alterations, particularly chromosomal rearrangements 
resulting in enhancer hijacking and chimeric fusion oncoprotein formation, 
characteristic of this subtype of ALL [20, 21].

In the last 5 years, multiple groups from the USA, Europe, Japan, and China have 
generated or used B-ALL RNA-seq data to identify new targets of recurring 
rearrangement (e.g., DUX4, MEF2D, and ZNF384) associated with distinct gene 
expression profiles [22–29] and the presence of cases with alterations that phenocopy 
additional canonical B-ALL drivers, e.g., ETV6-RUNX1-like ALL [27]. Several of 
these subtypes have diverse rearrangements involving a single gene, some of which 
are cryptic and eluding classification by conventional cytogenetic analysis. Several 
large-scale B-ALL RNA-seq generation/aggregation studies encompassing up to 
almost 2000 samples enabled additional observations: additional, less prevalent 
subtypes driven by chromosomal rearrangements (e.g., rearrangement of NUTM1 
and BCL2MYC/BCL6), identification of subtypes driven by initiating sequence 
mutations rather than chromosomal rearrangements (e.g., PAX5 P80R and IKZF1 
N159Y), and subtypes with relatively distinct gene expression but diverse alterations 
targeting a single gene (PAX5alt, with fusions, sequence mutations, and intragenic 
amplification of this DNA-binding transcription factor) [5, 6, 26, 29] (Fig. 1.2).

By extending these studies across the age spectrum, these data have been particu-
larly valuable in defining the genetic basis of B-ALL in older individuals, which is 
more parsimonious in the repertoire of subtypes, and commonly driven by altera-
tions that are now recognized as inherently high risk: BCR-ABL1, Ph-like, low 
hypodiploid, and KMT2A- rearranged ALL, providing a partial explanation for the 
historically poor outcomes of B-ALL in adults [30] (Fig. 1.3).

Collectively, these studies have enabled classification of over 90% of childhood 
and adult ALL cases (Table 1.1). A minority of cases remain unclassified, but their 
driver alterations will likely be identified by the application of WGS that can identify 
non-coding mutations and rearrangements that deregulate genes without generating 
a chimeric RNA molecule and thus are not detected by RNA-seq alone.

1 Molecular Pathways and Targets in B-Cell Progenitor Acute Lymphoblastic Leukemia
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Fig. 1.2 t-SNE plot of gene expression data showing major B-cell precursor acute lymphoblastic 
leukemia (BCP-ALL) subtypes based on gene expression profiling of 1988 cases [5]. Each dot 
represents an individual case
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 Heritable Susceptibility to Leukemia

Several lines of evidence support genetic predisposition for many subtypes of BCP- 
ALL, including (a) Down syndrome and other rare constitutional syndromes with 
increased risks for leukemia; (b) kindreds with familial BCP-ALL; (c) genome- 
wide association studies (GWAS) that have identified non-coding DNA polymor-
phisms which influence risk of BCP-ALL; and (d) a growing number of genes 
harboring germline non-silent variants presumed to confer risk of sporadic HM.

Children with constitutional syndromes such as Down syndrome, Noonan syn-
drome, neurofibromatosis type 1, ataxia-telangiectasia, Fanconi anemia, and other 
bone marrow failure syndromes (severe congenital neutropenia, dyskeratosis con-
genita, Shwachman-Diamond syndrome, and Diamond-Blackfan anemia) have an 
increased risk of leukemia. The spectrum of risk is syndrome specific. For example, 
Down syndrome is associated with a markedly increased risk of AML and B-ALL; 
Noonan syndrome and neurofibromatosis type 1 have increased risk of JMML (dis-
cussed later in this chapter), ataxia-telangiectasia increases T-ALL risk, and bone 
marrow failure syndromes primarily increase risk of AML [31–34].

Familial cancer syndromes such as Li-Fraumeni syndrome, constitutional mis-
match repair deficiency syndrome, or DNA repair syndromes (Bloom, Werner, 
Nijmegen breakage) have increased incidence of malignancy, including ALL in a 
proportion of cases [35, 36]. Familial BCP-ALL is uncommon, but genomic analy-
ses of such kindreds has been tremendously informative by identifying non- silent 
germline variants in transcription factor and tumor suppressor genes segregating 
with ALL that in many cases are also present as germline events in sporadic BCP-
ALL.  Key examples are TP53 germline mutations and low hypodiploid B-ALL, 
ETV6 variants and hyperdiploid and ETV6-RUNX1-like ALL [37], and PAX5 muta-
tions and B-ALL with dicentric/isochromosome 9 [4, 38–40]. These susceptibility 
genes are targets of somatic mutation in ALL: ETV6 and PAX5 are rearranged, 
amplified, deleted, and mutated in B-ALL [5, 16]. Germline variants of IKZF1 pre-
dispose to a syndrome with immunodeficiency, autoimmunity, and sporadic/famil-
ial BCP-ALL [41, 42]; somatic IKZF1 alterations are enriched in BCR-ABL1, 
Ph-like, and DUX4-rearranged B-ALL [19, 23, 43].

Genome-wide association studies (GWAS) have identified at least 13 loci with 
primarily non-coding variants associated with BCP-ALL.  The relative risk 
associated with these variants is modest compared with constitutional syndromes or 
familial leukemia. Risk variants are frequently at or near hematopoietic transcription 
factor or tumor suppressor gene loci, including ARID5B, BAK1, CDKN2A/CDKN2B, 
BMI1-PIP4K2A, CEBPE, ELK3, ERG, GATA3, IGF2BP1, IKZF1 IKZF3, USP7, 
and LHPP [36, 44, 45]. Several variants display ancestry and ALL subtype-specific 
associations, such as GATA3 with Hispanics and Ph-like B-ALL, ERG with African 
Americans and TCF3-PBX1 B-ALL, and USP7 with African Americans and T-ALL 
with TAL1 deregulation [46–48].

Genomic analyses have identified additional susceptibility variants in sporadic 
hyperdiploid B-ALL (NBN, ETV6, FLT3, SH2B3, and CREBBP), Down syndrome- 
associated B-ALL (IKZF1, NBN, RTEL1), and T-ALL (Fanconi-BRCA pathway 
mutations) [49–51].

1 Molecular Pathways and Targets in B-Cell Progenitor Acute Lymphoblastic Leukemia
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 Prenatal Origin of Leukemia

Several observations indicate that a proportion of childhood leukemia cases are ini-
tiated before birth [52–54]. Chromosomal translocations such as ETV6-RUNX1 
may be detected at birth in blood spots and cord blood, years before the clinical 
onset of leukemia, providing support for a multistep process of leukemogenesis. 
This is supported by genomic analyses of monozygotic, monochorionic twins 
concordant for leukemia, showing genetic identity of initiating lesions and 
discordance for secondary genetic alterations, indicating inter-twin, intrauterine 
transmission of leukemia [53, 55]. Evidence for in utero origin is strongest for 
KMT2A-rearranged and ETV6-RUNX1 ALL. Anecdotal evidence supports in utero 
origin for other subtypes of B-ALL, including hyperdiploid and ZNF384-rearranged 
leukemia [56].

 Aneuploid BCP-ALL: Hyperdiploidy, Hypodiploidy, 
and Intrachromosomal Amplification of Chromosome 21

High hyperdiploidy (51–67 chromosomes) comprises approximately 30% of pedi-
atric BCP-ALL and is associated with a favorable prognosis (Table 1.1) [57]. High 
hyperdiploidy is characterized by a nonrandom gain of chromosomes, typically +X, 
+4, +6, +10, +14, +17, +18, and +21 [57]. In particular, combined gain of chromo-
some 4, 10, and 17 is associated with favorable prognosis [58]. Alterations involv-
ing the Ras pathway (KRAS, NRAS, FLT3, PTPN11) and epigenetic modifiers 
(CREBBP, WHSC1) are frequent genetic events, with deletions leading to enhancer 
hijacking and deregulation of FLT3 particularly common in high hyperdiploid ALL 
[57, 59]. These secondary genomic alterations and the gene expression profiles of 
high hyperdiploid and the near-haploid subset of hypodiploid ALL are similar, 
suggesting a common origin [60]. Low hyperdiploid cases (47–50 chromosomes) 
harbor a diverse range of chromosomal changes and alterations rather than 
representing a genetically distinct subtype of ALL.

Hypodiploid ALL comprises three subtypes, two of which have an unfavorable 
prognosis: near-haploid ALL (24–31 chromosomes) and low hypodiploid ALL 
(32–39 chromosomes) [61–63]. Notably, chromosome 21 is never lost in hypodiploid 
ALL nor in other forms of ALL, suggesting an essential role in tumor cell fitness 
[4]. High hypodiploid ALL (40–44 chromosomes) is genetically heterogeneous, is 
not a distinct subtype of B-ALL, and does not share the unfavorable outcome of the 
other two groups. Accurate identification of low/near-haploid ALL is important in 
view of the poor prognosis and inherited genetic basis of low hypodiploid ALL in 
children [4]. Duplication of the aneuploid genome, or masked hypodiploidy, is 
common and may be mistaken for high hyperdiploidy [64]. These entities can be 
distinguished by the patterns of chromosomal gain and loss of heterozygosity 
observed on cytogenetic or SNP array analysis: masked hypodiploidy typically has 

K. G. Roberts and C. G. Mullighan
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diploid and tetraploid chromosomes, whereas hyperdiploidy has a mixture of 
triploid and some tetraploid (e.g., 21, X); masked hypodiploid cases typically have 
LOH of the duplicated chromosomes. Flow cytometric analysis of DNA index 
frequently demonstrates peaks for both non-duplicated and masked clones in 
hypodiploid ALL, even if cytogenetic analysis demonstrates an apparently 
predominant masked clone.

Near-haploid ALL presents at a younger age and commonly exhibits alterations 
activating the Ras pathway (particularly NF1) and inactivating mutations/deletions 
of IKZF3 (AIOLOS) [4]. Low hypodiploid ALL is rare but increases with age. 
Frequent secondary alterations include IKZF2 (HELIOS), RB1, and 
CDKN2A/CDKN2B. The mechanistic differences between the IKAROS gene family 
members in leukemogenesis (IKZF1 in kinase-driven and DUX4-rearranged 
leukemia and IKZF2/3 in hypodiploid ALL) remain to be determined. Importantly, 
almost all cases of low hypodiploid ALL in children and adults have biallelic 
alterations of TP53 due to mutation (or less commonly focal deletion) and aneu-
ploidy of the second chromosome [4]. In approximately half of pediatric cases (but 
not adult), the TP53 mutations are germline, indicating that low hypodiploid ALL is 
a manifestation of Li-Fraumeni syndrome [4, 65]. Although still associated with an 
unfavorable prognosis, minimal residual disease (MRD) risk-stratified therapy has 
improved the outcome of hypodiploid ALL [66]. Hypodiploid ALL cells are 
sensitive to BCL2 inhibition, and BCL2 inhibitors are being evaluated in prospective 
clinical trials of newly diagnosed and relapsed/refractory ALL [67].

Intrachromosomal amplification of chromosome 21 (iAMP21) is more common 
in older children and is characterized by gain of three or more extra copies of a 
region of chromosome 21 including RUNX1 generated by breakage-fusion-bridge 
cycles and chromothripsis [68–71]. The germline Robertsonian translocation 
rob(15;21) or a germline ring chromosome 21 is associated with a markedly elevated 
risk of iAMP21 [72]. Patients with iAMP21 usually lack other key cytogenetic 
alterations, although it is observed as a secondary event in ETV6-RUNX1 and BCR- 
ABL1 ALL in a minority of cases. Historically associated with an unfavorable 
outcome, intensive therapy improves prognosis [73, 74]. The key driver gene(s) 
located on chromosome 21 resulting in requirement for this chromosome in ALL, 
and mediating leukemogenesis in iAMP21 ALL, remains to be determined.

 ETV6-RUNX1 and ETV6-RUNX1-Like ALL

The t(12:21)(p13:q22) translocation encodes ETV6-RUNX1, the most common 
fusion in BCP-ALL (20–25% in children) that is associated with a favorable 
prognosis [5, 75]. This translocation is frequently cryptic on cytogenetic analysis, 
and leukemic cells have a distinct immunophenotype (CD27 positive and CD44 
low/negative) [76]. The ETV6-RUNX1 fusion may be identified in umbilical cord 
blood and, thus, is considered to arise in utero as a leukemia-initiating alteration 
[75]. However, ETV6-RUNX1 itself is insufficient to induce overt leukemia and 

1 Molecular Pathways and Targets in B-Cell Progenitor Acute Lymphoblastic Leukemia



12

requires the prolonged latency with additional genetic events including deletion of 
the non-rearranged ETV6 allele, focal deletion of PAX5, and mutation of WHSC1 [2, 
16, 17, 75, 77]. This is supported by heterogeneity in the subclonal composition of 
ETV6-RUNX1 ALL [75, 78, 79].

ETV6-RUNX1-like ALL exhibits a similar GEP and immunophenotype to ETV6- 
RUNX1 ALL despite the lack of ETV6-RUNX1 fusion [5, 6, 27, 76]. ETV6-RUNX1- 
like ALL is also most common in children and has relatively favorable outcome [27, 
76]. This subtype includes several alternate rearrangements in ETV6 (e.g., ETV6- 
ELMO1), IKZF1 (e.g., IKZF1-ETV6), TCF3 (e.g., TCF3-FLI1), and FUS-ERG as 
well as copy number alterations in ETV6, IKZF1, and ARPP21, suggesting that 
alteration of multiple ETS and other transcription factors are converging on the 
same mechanism of transformation (although not ERG, which is distinct in the 
DUX4-rearranged ALL) [5, 27, 76].

 TCF3-PBX1 and TCF3-HLF BCP-ALL

The t(1;19)(q23;p13) translocation encoding TCF3-PBX1 fusion is present in 5–6% 
of pediatric BCP-ALL and is associated with a pre-B in transition (cytoplasmic 
immunoglobulin heavy chain positive) immunophenotype [80]. Previously 
considered high risk due to higher central nervous system involvement and relapse 
[15, 81, 82], TCF3-PBX1 ALL is classified as favorable or intermediate risk with 
current treatment regimens [83]. Conditional activation of TCF3-PBX1 in B-cell 
progenitors results in enhanced self-renewal and eventual development of leukemia 
with PAX5 deletion and activation of JAK-STAT or Ras signaling pathways [84]. 
Importantly, TCF3-PBX1 ALL exhibits sensitivity to dasatinib and ponatinib, but 
not imatinib, which occurs as a result of inhibition of pre-BCR signaling by SRC 
kinases. Due to compensatory upregulation of ROR1 expression, combination with 
ROR1 inhibition may enhance the sensitivity of dasatinib [85].

A variant of the t(1;19) translocation, t(17;19)(q22;p13), encodes the TCF3-HLF 
fusion, a rare subtype of ALL associated with an extremely poor prognosis [86, 87]. 
TCF3-PBX1 and TCF3-HLF ALL have distinct gene expression profiles and 
mutational landscapes [88]. TCF3-HLF ALL exhibited stem cell and myeloid 
features with enrichment of PAX5 deletions and alterations of Ras pathway genes 
[88]. The TCF-HLF fusion may act as a pioneer transcription factor, recruiting 
EP300 to activate MYC, with vulnerability to EP300 inhibition [89]. TCF3-HLF 
leukemic cells are sensitive to the BCL2 inhibitor venetoclax (ABT-199), 
representing a potential targeted therapeutic approach [88].

 KMT2A-Rearranged ALL

KMT2A (MLL) on chromosome 11q23 is rearranged to more than 80 different part-
ner genes, and these rearrangements describe a distinct subtype of leukemia with 
variable immunophenotype spanning ALL, AML, and mixed phenotype leukemia 
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with both lymphoid and myeloid features and poor outcome [90]. KMT2A- 
rearranged BCP-ALL is typically of the pro-B phenotype, lacking CD10 expres-
sion, with co-expression of myeloid markers. Approximately 80% of 
KMT2A-rearranged ALL is observed in infants, in whom KMT2A rearrangement is 
acquired in utero. There is also a second peak in prevalence in adults, and more than 
75% of cases are fused to AFF1. KMT2A-rearranged leukemia may also follow 
exposure to topoisomerase II inhibitors, with similar breakpoints to infant leukemia 
suggesting a common mechanism of leukemogenesis [91]. In infant ALL, the most 
commonly perturbed pathways include PI3K and Ras pathways [92–94]. KMT2A 
rearrangement results in assembly of a large multi-protein complex that results in 
aberrant transcriptional and epigenetic dysregulation via H3K79 methylation and 
recruitment of the H3K79 methyltransferase DOT1L, which interacts with multiple 
KMT2A rearrangement partners [95–97]. Multiple therapeutic approaches are being 
pursued, including inhibition of DOT1L, bromodomain, Menin, and the polycomb 
repressive complex [90, 97–99].

 Kinase-Driven BCP-ALL: BCR-ABL1 ALL and Ph-like ALL

The derivative chromosome 22, Philadelphia chromosome (Ph), arises from the 
reciprocal t(9;22)(q34;q11) translocation and encodes BCR-ABL1 [7, 41, 100]. 
Although BCR-ABL1 ALL is associated with poor prognosis, the addition of 
tyrosine kinase inhibitors (TKIs) to the conventional chemotherapy has improved 
outcome in children and adults [101–104]. In contrast to BCR-ABL1-positive 
chronic myeloid leukemia at chronic phase, BCR-ABL1 ALL is characterized by a 
high frequency of secondary genetic alterations, particularly of the lymphoid 
transcription factor gene IKZF1 and CDKN2A/B encoding the INK4/ARF cell cycle 
regulators [43, 105], and IKZF1 alterations are associated with unfavorable outcome 
irrespective of TKI exposure [102, 105]. Moreover, mutations in the kinase domain 
of ABL1 (most frequently T315I) induce TKI resistance and are more commonly 
observed in patients treated with TKI monotherapy or in adults treated with less 
intensive chemotherapy and less common in children treated with intensive 
chemotherapy [106]. Current treatment approaches to mitigate the poor outcome of 
BCR-ABL1 ALL include frontline treatment with the third-generation TKI pona-
tinib with chemotherapy [101]. The adverse effect of IKZF1 mutations in the patho-
genesis of BCR-ABL1 ALL is in part due to loss of IKZF1 repression of stemness 
and cell- cell adhesion [107, 108]. This may be reversed by rexinoids (via agonism 
of rexinoid X receptor alpha, which induces expression of wild-type IKZF1) and 
focal adhesion kinase inhibitors (which inhibit downstream integrin signaling path-
ways) [108, 109].

Before consensus guidelines for MRD assessment in BCR-ABL1 ALL were pro-
vided [110], several approaches have been tested for MRD monitoring (genome or 
transcriptome BCR-ABL1 and Ig/TCR rearrangements) [111]. Importantly, some 
patients showed discrepancy of MRD results as assessed by measurement of Ig/
TCR and BCR-ABL1 transcript levels, due to the presence of the BCR-ABL1 fusion 
in progenitors in addition to the blast population [111]. This BCR-ABL1-positive 
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clonal hematopoiesis is suggestive of a CML-like disease exhibiting lymphoid 
blast crisis.

Ph-like or BCR-ABL1-like ALL exhibits a gene expression profile similar to 
BCR-ABL1 ALL despite the lack of the BCR-ABL1 fusion [18, 19]. The prevalence 
and outcome of Ph-like ALL are similar to those of BCR-ABL1 ALL, increasing in 
incidence with age and associated with elevated MRD levels and/or higher rates of 
treatment failure [20, 112–118], although the prevalence of Ph-like ALL is higher 
than BCR-ABL1 ALL in the adolescent and young adult (AYA) population [20, 117, 
119, 120]. Similar to BCR-ABL1 ALL, IKZF1 alterations are common, which result 
in acquisition of stem cell-like features and poor responsiveness to TKI.  The 
heterogeneous genetic alterations driving Ph-like ALL may be classified into four 
main groups (Table  1.2., Fig.  1.4): (1) alterations driving JAK-STAT signaling, 
including rearrangements and mutations/deletions of CRLF2, JAK2, EPOR, TYK2, 
IL7R, SH2B3, JAK1, JAK3, TYK2, and IL2RB; (2) fusions involving ABL-class 
genes (ABL1, ABL2, CSF1R, LYN, PDGFRA, PDGFRB); (3) mutations activating 
Ras signaling (NRAS, KRAS, PTPN11); and (4) less common fusions (FLT3, 
FGFR1, NTRK3) [2, 121, 122]. Of these, CRLF2 alterations are found in almost 
half of Ph-like ALL in adolescents, young adults, and older adults, as well as in half 
of ALL associated with Down syndrome ALL [123–125]. These alterations are 
rearrangements of CRLF2 to IGH or P2RY8 resulting in enhancer hijacking or 
promoter swapping, respectively, and aberrant expression of CRLF2 as part of a 
heterodimer with IL-7 receptor alpha. CRLF2-rearranged ALL commonly has 
concomitant alterations that facilitate JAK-STAT signaling pathway activation, 
including sequence mutations of Janus kinases (most commonly at R683 of the 
pseudokinase domain of JAK2), IL-7RA, and deletions of negative regulators of 
JAK-STAT signaling (SH2B3 and USP9X) [126, 127]. CRLF2 rearrangement is 
associated with Hispanic ancestry and a germline GATA3 non-coding variant 
[46, 128].

Importantly, most kinase-activating alterations in Ph-like ALL can, theoretically, 
be targeted by FDA-approved TKIs: JAK-STAT signaling (JAK inhibition), ABL- 
class fusions (ABL inhibitor), and FLT3 and NTRK3 fusions (FLT3 and NTRK3 
inhibitor) with emerging evidence of efficacy in human leukemia, although evidence 
for efficacy of TKIs, at least as monotherapy, is strongest for ABL1-class and ETV6- 
NTRK3 Ph-like ALL [20, 129–133]. In contrast JAK inhibitor monotherapy in pre-
clinical and clinical studies of CRLF2-rearranged Ph-like ALL is less effective 
[134]. Combination of kinase inhibitors against multiple signaling shows synergis-
tic effects in PDX models of CRLF2/JAK mutant (JAK and PI3K/mTOR inhibitors) 
and ABL/PDGFR mutant (dasatinib and PI3K/mTOR inhibitor) [135]. Several of 
these (ruxolitinib, imatinib, dasatinib, ponatinib) are being tested in frontline stud-
ies [120, 133, 136]. As kinase-activating lesions also drive signaling through addi-
tional signaling pathways (e.g., PI3K, MEK, etc.), it is likely that additional 
therapeutic approaches will be required for optimal therapeutic response. Additional 
therapeutic approaches include BCL2 inhibitors, which exhibit synergy with TKIs 
in preclinical models [137, 138], and chimeric antigen receptor T cells directed 
against CRLF2 [139].
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Table 1.2 Kinase-activating alterations in Ph-like ALL

Category
Kinase 
gene Representative alterations

Targeted 
therapy

JAK- 
STAT

CRLF2 Mutations (F232C), fusions (CSF2RA, IGH, P2RY8) JAK inhibitor
EPOR Truncating rearrangement to enhancers (IGH, IGK, 

LAIR1, THADA)
JAK inhibitor

TYK2 Fusions (MYB, SMARCA4, ZNF430) TYK2 
inhibitor

TSLP Fusions (IQGAP2) JAK inhibitor
SH2B3 Deletion/mutations JAK inhibitor
IL7RA Mutations, indels JAK inhibitor
JAK1 Mutations (e.g., V658F) JAK inhibitor
JAK2 Mutations (of R683; most commonly R683G, also 

kinase domain mutations), fusions (ATF7IP, BCR, EBF1, 
ETV6, HMBOX1, PAX5, PCM1, PPFIBP1, RFX3, 
SMU1, SNX29, SSBP2, STRN3, TERF2, TPR, USP25, 
WDR37, ZNF274, GOLGA5, SMU1, HMBOX1, SNX29, 
ZNF430)

JAK inhibitor

JAK3 Mutations (usually kinase domain) JAK inhibitor
IL2RB Fusions (MYH9) JAK inhibitor
USP9X USP9X-DDX3X interstitial deletion and fusion JAK inhibitor

ABL ABL1 Fusions (CENPC, ETV6, FOXP1, LSM14A, MYO18B, 
NUP214, NUP153, RCSD1, RANBP2, SFPQ, SNX2, 
SPTAN1, ZMIZ1)

Imatinib/
dasatinib

ABL2 Fusions (ATF7IP, EBF1, ETV6, PAG1, RCSD1, SSBP2, 
TNIP1, ZEB2, ZC3HAV1, ZMYND8)

Imatinib/
dasatinib

CSF1R Fusions (MEF2D, SSBP2, TBL1XR1) Imatinib/
dasatinib

LYN Fusions (GATAD2A, NCOR1) Imatinib/
dasatinib

PDGFRA Fusions (FIP1L1) Imatinib/
dasatinib

PDGFRB Fusions (ATF7IP, EBF1, ETV6, SNX29, SSBP2, TNIP1, 
ZEB2, ZMYND8)

Imatinib/
dasatinib

Ras NRAS Mutations MEK inhibitor
KRAS Mutations MEK inhibitor
PTPN11 Mutations MEK inhibitor
NF1 Mutations/deletions MEK inhibitor
BRAF Mutations MEK inhibitor
CBL Fusions (KANK1) MEK inhibitor

Other FLT3 FLT3-ITD, fusions (AMYM2) FLT3 inhibitor
NTRK3 Fusions (ETV6) NTRK3 

inhibitor
FGFR1 Fusions (BCR, MYO18A) Ponatinib
PTK2B Fusions (KDM6A, STAG2, TMEM2) FAK inhibitor
DGKH Fusions (ZFAND3)
BLNK Fusions (DNTT)

Clinical trials of TKI in Ph-like ALL include dasatinib (newly diagnosed, NCT03117751 and 
NCT03020030; relapsed, NCT02420717) and ruxolitinib (newly diagnosed, NCT02723994, 
NCT03571321, NCT03117751; relapsed, NCT02420717). Data updated from Gu et al. [5]
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 DUX4-Rearranged ALL

Rearrangement and overexpression of the homeobox transcription factor gene 
DUX4 defines a distinct subgroup of BCP-ALL [5, 22, 23, 27]. This subtype also 
exhibits deregulation of the ETS family transcription factor ERG and comprises up 
to 5–10% of BCP-ALL with a slight peak in the AYA population. It has a distinct 
immunophenotype (CD2 and CD371 positive) and favorable outcome [140]. The 
pathogenesis of this form of leukemia is remarkable for the interrelated, sequential 
genetic events that deregulate two DNA-binding transcription factors characteristic 
of this disease (Fig. 1.5). Deregulation of DUX4 is induced by rearrangement to 
strong enhancer elements, most commonly the immunoglobulin heavy chain (IGH) 
enhancer, which results in expression of a C-terminal truncated DUX4 protein that 
is not normally expressed in B cells [22, 23]. This truncated isoform of DUX4 then 
binds to an intragenic region of ERG resulting in transcriptional deregulation and 
expression of multiple aberrant coding and non-coding ERG isoforms and deletion 
of ERG in up to 70% of DUX4-rearranged cases [23]. One isoform is ERGalt, a 
C-terminal fragment which retains the DNA-binding and transactivating domain of 
ERG, that exerts a dominant negative effect and is transforming [23]. The deletions 
of ERG are commonly polyclonal [141], supporting a model in which an initiating 
rearrangement of DUX4 results in gross transcriptional deregulation of ERG and 
primes the locus for RAG-mediated deletion. Loss of ERG activity, either through 
deletion and/or expression of ERGalt, cooperates with DUX4 deregulation in leuke-
mogenesis [23, 141]. DUX4 rearrangement is associated with a favorable outcome 
in children and adults, even with IKZF1 deletion [142]. As clonal ERG deletions are 

Fig. 1.4 Cartoon depicting targets of genetic alteration and type of mutation in Ph-like ALL
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Fig. 1.5 Schema of the sequence of transcription factor alterations driving leukemogenesis in 
DUX4-rearranged ALL: rearrangement of DUX4 to strong enhancers results in deregulation of 
DUX4 expression with truncation of the C-terminus. This shortened form of DUX4 binds to intron 
6 of ERG, resulting in gross transcriptional deregulation and expression of multiple coding, non- 
coding, and enhancer RNA species, including a C-terminal isoform initiated by a novel first exon, 
ERGalt. This aberrancy also permits deletion of ERG as a secondary event

not present in all DUX4-rearranged cases, the use of ERG deletion as a surrogate for 
this subtype, as is used in the definition of IKZFplus [143], is suboptimal and should 
be avoided. Accurate identification of this favorable subtype of ALL requires iden-
tification of DUX4 rearrangement (either directly or through identification of ele-
vated DUX4 expression) [23]. In this regard, detection of strong CD371 cell surface 
expression by flow cytometry might serve as a promising surrogate marker for this 
subtype [140].

 MEF2D-Rearranged ALL

Rearrangement of MEF2D is associated with older age of onset and relatively infe-
rior outcome due to early relapse [24, 26, 144, 145]. MEF2D-rearranged ALL is 
characterized by an aberrant immunophenotype (low or absent expression of CD10, 
high expression of CD38, and cytoplasmic μ-chain), mature B-ALL-like 

1 Molecular Pathways and Targets in B-Cell Progenitor Acute Lymphoblastic Leukemia



18

morphology, and distinct expression profiles. The N-terminal of MEF2D is fused to 
several partner genes, retaining its DNA-binding domain [24, 144, 145]. High 
expression of MEF2D fusion protein is induced by evasion from miRNA- mediated 
degradation [146] and results in transcriptional activation of MEF2D targets [24]. 
Dysregulated MEF2D targets include overexpression of HDAC9, which confers 
therapeutic sensitivity to HDAC inhibitors such as panobinostat [24].

 ZNF384-Rearranged ALL

ZNF384 rearrangement defines a distinct subtype of leukemia that can be diagnosed 
as BCP-ALL or B/myeloid mixed phenotype acute leukemia (MPAL) [147]. 
ZNF384 is rearranged as the C-terminal partner to multiple genes, including the 
histone acetyltransferases and transcriptional regulators EP300 and CREBBP, SWI/
SNF proteins SMARCA2 and ARID1B, and others (TAF15, EWSR1, TCF3, 
NIPBL, and CLTC) [5, 6, 22, 24–26, 29, 147–154]. The most common are EP300- 
ZNF384 (particularly in BCP-ALL) and TCF3-ZNF384 (in both BCP-ALL and B/
myeloid MPAL). In BCP-ALL, peak age of onset and prognosis vary by fusion 
partners: EP300-ZNF384 (median age 11, excellent outcome) and TCF3-ZNF384 
(median age 5, frequent late relapse) [5, 148, 155]. In contrast, ZNF384-rearranged 
ALL shows uniformly distinct immunophenotype (weak CD10 and aberrant CD13 
and/or CD33 expression) and gene expression profiles [147, 148]. The secondary 
genomic alterations and gene expression profiles of ZNF384-rearranged BCP-ALL 
and MPAL cases are similar, and both have lineage plasticity at diagnosis and 
relapse (lymphoid disease to myeloid disease and vice versa) [147]. Transplantation 
of purified lymphoid or myeloid subpopulations of cells from ZNF384-rearranged 
leukemia showed that each subpopulation could reconstitute the immunophenotypic 
diversity of the primary leukemia, indicating that this plasticity is inherent to all 
leukemic cells [69]. These data support the notion that ZNF384-rearranged cases 
should be treated uniformly rather than tailoring therapy according to predominant 
lineage. In this regard, FLT3 overexpression without mutation is characteristic of 
ZNF384-rearranged leukemia and in anecdotal reports can be targeted with the 
multi-kinase inhibitor sunitinib [156]. Due to the propensity of ZNF384-rearranged 
ALL to change lineage, CD19-directed CAR-T cell therapy may fail due to CD19- 
negative escape [147, 157, 158].

 PAX5-Driven BCP-ALL: PAX5alt and PAX5 P80R

The paired box DNA-binding transcription factor PAX5 is required for B-cell lin-
eage commitment and differentiation. PAX5 alterations are important in the patho-
genesis of BCP-ALL as initiating or cooperating lesions. These include (1) disease 
initiating alterations (PAX5 rearrangements in chimeric fusion oncoproteins and the 

K. G. Roberts and C. G. Mullighan



19

P80R mutation [5, 16, 159–161], rearrangements/focal intragenic amplifications in 
PAX5-altered ALL [PAX5alt]) [5, 162], (2) secondary lesions (e.g., PAX5 focal 
deletions in 30% of ETV6-RUNX1 ALL [16, 77] and PAX5 mutations in multiple 
subtypes), and (3) germline alterations that predispose to ALL [39]. In mouse mod-
els, Pax5 heterozygosity cooperates with constitutive activation of the JAK-STAT 
pathway in the development of BCP-ALL, supporting its role as a haploinsufficient 
tumor suppressor [163].

PAX5alt is a subtype of BCP-ALL with similar leukemic cell gene expression 
profiles but diverse nature of underlying PAX5 alterations. These include (1) cases 
with diverse (>20) PAX5 rearrangements that typically preserve the N-terminal 
DNA-binding domain of PAX5, but with loss of the C-terminal transactivation 
domain, (2) cases with focal intragenic amplification of the PAX5 DNA-binding 
paired domain (PAX5amp), and (3) cases with sequence mutations. Within this 
group, specific lesions are associated with variation in gene expression profile, for 
example, cases with PAX5-ETV6 rearrangement, or compound heterozygosity for 
p.Arg38 and p.Arg140 mutations in the DNA-binding paired domain, have distinct 
gene expression profiles. PAX5alt is most common in children and the AYA 
population and is associated with intermediate outcome [5].

The PAX5 P80R subtype is characterized by the presence of the PAX5 P80R 
mutation with inactivation of the wild-type PAX5 allele by deletion, loss-of-function 
mutation, or copy-neutral loss of heterozygosity [5, 159, 160]. Notably, heterozygous 
Pax5P80R/+ knock-in mice develop transplantable BCP-ALL, with genetic inactivation 
of the wild-type Pax5 allele [5]. Thus, biallelic PAX5 alterations are a hallmark of 
this subtype, and sequence mutations of lymphoid transcription factors such as 
PAX5 P80R and IKZF1 N159Y (see below) may be initiating events in 
leukemogenesis. The prevalence of PAX5 P80R increases with age and is associated 
with intermediate to favorable prognosis [5, 159, 160]. Additional important 
cooperating lesions include structural rearrangements of chromosomal arms 9p and 
20q, which associate with the presence of dic(9:20). Moreover, mutations in the Ras 
and JAK-STAT pathway members are particularly enriched, highlighting the poten-
tial for targeted therapies.

 Other Subtypes of BCP-ALL

BCP-ALL with NUTM1 rearrangements is a rare subtype observed exclusively in 
children [5, 6]. NUTM1 is a chromatin modifier, recruiting EP300 to increase local 
histone acetylation [164]. While the common partner, BRD9-NUTM1, is reported in 
BCP-ALL, BRD4-NUTM1 is a hallmark of NUT midline carcinoma (NMC) and 
acts to repress differentiation in NMC by widespread repression of histone 
acetylation, indicating therapeutic approach with bromodomain and HDAC 
inhibitors. NUTM1 is rearranged to multiple genes in BCP-ALL (and less commonly, 
T-ALL) [165] in addition to BRD9 [92, 166], including ACIN1 [24, 26, 92, 167, 
168], AFF1 [6, 151], BPTF [165], CUX1 [24, 167], IKZF1 [6, 24, 27, 167], 
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SCL12A6 [6, 24, 167], and ZNF618 [6, 24, 29, 151], with emerging evidence that 
these fusions are enriched in non-KMT2A-rearranged BCR-ALL in infants [92, 
168]. The potential for bromodomain inhibition as a therapeutic strategy has not yet 
been tested in NUTM1-rearranged BCP-ALL.

IKZF1 alterations, like PAX5, are also common across the spectrum of B-ALL 
(particularly in BCR-ABL1-positive, Ph-like, and DUX4-rearranged cases), but a 
specific mutation, IKZF1 p.Asn159Tyr, defines a subtype with gene expression 
profile [5, 6]. In this subtype, the non-mutated wild-type allele of IKZF1 is retained, 
and most cases have concurrent gain of chromosome 21. Notably, this mutation is 
located at a residue that is critical for DNA binding of IKZF1 [169] and is also 
mutated in germline syndromes with immunodeficiency and autoimmunity [42, 
170], although most commonly to serine but not tyrosine, suggesting genotype- 
phenotype variation of different IKZF1 mutations. The IKZF1 p.Asn159Tyr 
mutation induces misregulation of IKZF1 transcriptional activation, in part through 
distinctive nuclear mislocalization and enhanced intercellular adhesion [108].

 Relapsed ALL

Genomic analyses of paired primary and relapsed ALL samples have revealed that 
these secondary mutations are acquired during disease progression with Darwinian 
patterns of selection, and highly branched clonal architectures, especially in early 
relapse (9–36 months) [8, 9, 78, 171–175]. Furthermore, chemotherapy of ALL has 
been postulated to induce bona fide drug resistance mutations including NT5C2, 
PRPS1, NR3C1, and TP53 [9]. However, recent studies integrating genome 
sequencing of matched diagnosis and relapse samples, and xenografts propagated 
from these samples, coupled with drug sensitivity testing of the relapse fated clones 
have shown that relapse-fated subclones present at diagnosis commonly exhibit 
drug resistance prior to the administration of any therapy [174] (Fig. 1.6).

One of the representative relapse-specific somatic alterations is CREBBP altera-
tions which occur in up to 20% of relapsed B-ALL and impair glucocorticoid sen-
sitivity [60]. Early relapse is commonly associated with 6-MP resistance, as a result 
of NT5C2 gain-of-function mutations [175–178], PRPS1 mutations [179], and loss 
of MSH6 [180]. NT5C2 mutations confer resistance to purine analogs at the cost of 
impaired tumor cell growth and reduced leukemia-initiating cell activity [175]. 
While the development of NT5C2 inhibitors may be promising, several problems 
are anticipated such as the development of mutant specific inhibitors [176]. 
Importantly, NT5C2 and PRPS1 mutations are not detectable in primary samples 
even in a minor clone [7, 9, 175]. Other recurrent somatic alterations in relapsed 
ALL include mutations in [78] SETD2, KDM6, and KMT2D (MLL2) [9, 173, 181]. 
Tracking of these mutations as MRD may offer the opportunity to identify the 
relapse-fated clone early in disease evolution and modulate therapy accordingly to 
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circumvent relapse. Detailed, genome-wide analyses of large ALL cohorts have 
enabled several additional important observations: hypermutation becomes 
increasingly frequent during disease progression, is enriched in leukemic cells with 
mutations in mismatch repair genes and hypodiploidy, and results in a predicted 
increase in expressed neoantigen formation. Thus, strategies to promote autologous 
T cell reactivity may be efficacious in this setting. Secondly, careful analysis of the 
nature and structure of coding and non-coding sequence and structural variants has 
shown that most cases presumed to be second leukemias are indeed clonally related 
to the primary tumor, including cases with lineage shift/switch, indicating relapse 
from an ancestral, pre-diagnosis clone [7] (Fig. 1.6b). These observations confirm 
hypotheses from SNP array analyses of relapsed ALL [78] and are of therapeutic 
importance for disease monitoring and selection of therapy.
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Fig. 1.6 (a) Oncoprint of the most common targets of mutation at relapse in childhood B- and 
T-ALL. (b) Patterns of clonal evolution in relapsed ALL. (Data taken from Waanders et al. [7])
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 Summary

Genomic analyses have transformed our understanding of the molecular basis of 
BCP-ALL, in terms of identification of new subtypes and dysregulated pathways 
associated with therapeutic targets. Many clinically important alterations are not 
evident using conventional cytogenetic and molecular approaches, and optimal 
ALL diagnosis requires next-generation sequencing, with RNA-seq capturing the 
most relevant information required for risk stratification, disease monitoring, and 
the development of precision medicine approaches [136]. While clinical 
implementation of genome and transcriptome sequencing is not trivial, it is now 
clearly apparent that targeted molecular approaches such as fusion-specific PCR 
and exome/gene panel capture sequencing are not optimal as they do not capture the 
diversity of genomic alterations in ALL. Moreover, integrated genome, exome and 
transcriptome sequencing has been shown to have excellent sensitivity and 
specificity in detection of the various driver alterations in pediatric cancer [182]. 
Even if sequencing is not available, several key alterations can be detected by 
alternative approaches, such as flow cytometry for CRLF2 (which correlates well 
with CRLF2 overexpression) and FISH assays for gene rearrangements in 
Ph-like ALL.

These genomic discoveries are partly responsible for a wave of new therapeutic 
approaches entering the clinic in BCP-ALL including small molecules (TKI, BCL2 
inhibitors, MEK inhibitors), antibody-based therapy (blinatumomab, inotuzumab), 
and cellular immunotherapy. Future challenges and opportunities include (1) 
determining the tumor intrinsic and extrinsic determinants of response in the era of 
targeted therapies and immunotherapy, (2) developing efficacious approaches to 
directly target transcription factor alterations that underlie over 50% of BCP-ALL, 
and (3) integrating genomic and functional genomic approaches to identify 
therapeutic vulnerabilities both in the research and clinical setting.
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Chapter 2
Genetic Mechanisms in T-Cell Acute 
Lymphoblastic Leukemia

Francesca Gianni and Adolfo Ferrando

 T-Cell Lymphoblastic Leukemia: Clinical 
and Biological Features

T-cell acute lymphoblastic leukemia (T-ALL) is an immature lymphoid malignancy 
derived from the oncogenic transformation of early lymphoid precursors of the 
T-cell lineage. This disease accounts for 10–15% of pediatric and 20–25% of adult 
acute lymphoblastic leukemia cases [1, 2]. In children, the age of onset (9 years) is 
characteristically older than that of precursor B-cell ALL, which most frequently 
occurs between the ages of 2 and 5. Accordingly, T-ALL is frequently diagnosed in 
adolescents. In adults, there is a steady increase of incidence with age. In addition, 
male to female distribution shows a markedly higher prevalence in males than in 
females in patients under the age of 40 (Fig. 2.1a). At diagnosis T-ALL patients 
typically show high white cell counts in peripheral blood and signs and symptoms 
derived from blast infiltration in bone marrow (cytopenias) and lymphoid organs 
(lymphadenopathy, splenomegaly, and mediastinal thymic masses). It can also not 
infrequently cause meningeal infiltration in the central nervous system [3, 4].

Clinically, T-ALL associates with poor glucocorticoid sensitivity and higher 
rates of early relapse [5]. In fact, in early combination chemotherapy trials, T-ALL 
was recognized as a high-risk pediatric leukemia with long-term remission rates of 
about 10% only, compared with 40% for precursor B-cell ALL patients [4]. Today, 
cure rates for T-ALL patients treated in multicenter trials are close to 90% in chil-
dren [6, 7] and 60% in adults [8, 9]. However, the prognosis of patients with primary 
resistant disease and in cases with relapsed leukemia remains exceedingly poor 
[10, 11].
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T-ALL tumors are transcriptionally, genetically, immunophenotypically, and 
clinically heterogeneous with distinct clinico-biological groups defined by gene 
expression signatures related to their developmental arrest at different stages of thy-
mocyte development (Fig. 2.1b, c) [12]. Among these, early T-cell precursor (ETP) 
leukemias show an early block at the CD4 CD8 double-negative stage of thymocyte 
development and are characterized by expression of a transcriptional program 

F. Gianni and A. Ferrando



35

related to that of hematopoietic stem cells and myeloid progenitors [13, 14], while 
typical T-ALLs are transcriptionally related to more mature thymic populations 
(Fig. 2.1b) [12].

 Oncogenic NOTCH1 in T-ALL

Early T-cell development represents the biological and conceptual framework of 
T-ALL transformation as the molecular mechanisms operating in T-ALL are closely 
related with signaling and developmental pathways governing cell proliferation, dif-
ferentiation, survival, and metabolism during thymocyte development. In this con-
text, thymic lymphoid precursors constitute the normal cell counterpart and probably 
the cell of origin of T-ALL. Among the different developmental pathways deregu-
lated in T-ALL, NOTCH1 signaling plays a particularly prominent role. Activation 
of the NOTCH1 receptor by interaction with the thymic stroma instructs uncommit-
ted early lymphoid progenitors in the thymus to differentiate into the T-cell lineage 
and supports thymocyte differentiation, growth, metabolism, and survival [15, 16]. In 
over 60% of T-ALL cases, NOTCH1 is aberrantly activated by oncogenic gain- of- 
function mutations resulting in ligand independent and prolonged NOTCH1 

Fig. 2.1 T-ALL defining characteristics. (a) T-ALL accounts for 10–15% of pediatric and 20–25% 
of adult ALLs. Age of onset in children is around 9 years and adults show increased incidence with 
age. Prevalence of T-ALL is characteristically higher in males compared to females in patients 
under 40. (b) Molecular groups in T-ALL are defined by expression of transcription factor onco-
genes and associated genetic lesions in close relationship with developmental arrest at different 
stages of thymocyte differentiation. (c) Genetic alterations responsible for thymocyte transforma-
tion prominently involve activation of NOTCH1 signaling, deregulation of cell cycle control, aber-
rant expression of transcription factor oncogenes, mutations in transcriptional regulators of early 
T-cell development, and mutations leading to disruption of epigenetic regulators and activation of 
the MAPK, JAK-STAT, and PI3K signaling pathways. (d) Genetic lesions in NOTCH1 in T-ALL 
include mutations disrupting the HD-LNRR domains responsible to maintain the receptor inactive 
in absence of ligand engagement. Class 1 are proximal HD mutations and Class 2 are distal HD 
mutations. In addition, juxtamembrane expansion mutations (JME) displace the HD-LNRR com-
plex away from the transmembrane region, and NOTCH1 translocations typically associate with 
deletion of the extracellular domains of NOTCH1. Deletions of the PEST domain in the C-terminus 
induce prolonged signaling as a result of impaired proteasomal degradation of activated NOTCH1 
(ICN1). (e) Multiple components of NOTCH1 signaling can be inhibited by targeted therapies. 
NOTCH1 inhibitory antibodies block activation of the receptor by the ADAM10 protease. Gamma- 
secretase inhibitors (GSI) inhibit transmembrane cleavage by the gamma-secretase complex 
required for translocation of ICN1 to the nucleus. Inhibition of the ICN1-MAML1-RBPJ nuclear 
complex assembly by the SAHM1 peptide suppresses activation of NOTCH target genes, and 
inhibition of NOTCH1 precursor protein maturation in the trans-Golgi network can be achieved 
with inhibitors of the SERCA calcium channels. (f) The NOTCH-MYC transcriptional axis forms 
a feed-forward transcriptional circuitry that centrally supports leukemia cell growth. N-ME, a 
long-range distal MYC enhancer controlled by NOTCH1, links NOTCH1 activation and MYC 
expression in thymocyte development and leukemia
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signaling (Fig. 2.1d) [17]. In addition about 1% of T-ALLs show aberrant NOTCH1 
expression and activity as a result of the t(7;9)(q34;q34.3) chromosomal transloca-
tion, which leads to the expression of a truncated and constitutively active form of the 
receptor (Fig. 2.1e) [18, 19]. NOTCH1 functions as a ligand-activated transcription 
factor and upon ligand engagement undergoes proteolytic cleavage by the ADAM10 
metalloprotease and then by the γ-secretase aspartyl protease complex, which 
releases the intracellular portion of the receptor (ICN1) from the membrane and its 
translocation to the nucleus where it activates gene expression in association with the 
RBPJ DNA binding protein (Fig. 2.1e) [20–26]. NOTCH1 mutations in T-ALL dis-
rupt the negative regulatory region (NRR), which normally prevents cleavage by 
ADAM10 in the absence of ligand or truncates the C-terminal PEST domain respon-
sible for the termination of ICN1 by proteasomal degradation (Fig. 2.1e) [17, 27]. In 
addition, mutations in F-box and WD repeat domain containing 7 (FBXW7) present 
in 10–25% of T-ALLs also result in prolonged NOTCH1 signaling by interfering 
with degradation of ICN1 [28–31]. Notably, leukemic transformation by NOTCH1 is 
dose dependent [32], and T-ALLs frequently show co-occurrence of both NRR and 
PEST NOTCH1 mutations in cis, or a NOTCH1 NRR-disrupting mutation in associa-
tion with an FBXW7 mutation (Fig. 2.1e) [17, 28–31].

Constitutively active NOTCH1 signaling promotes leukemia cell growth via 
direct upregulation of ribosome biosynthesis, protein translation, and nucleotide and 
amino acid metabolism [33], by promoting a protective heat shock protein- mediated 
stress response [34] and by upregulating the expression of the MYC oncogene, also 
a direct target of NOTCH1 (Figs. 2.1e, f) [33, 35]. In addition, HES1, an evolution-
ary conserved NOTCH1 target gene, supports NOTCH1-induced leukemia via 
upregulation of PI3K and NFKB pathways [36–38] and as negative regulator of 
apoptosis via transcriptional downregulation of the BBC3 (PUMA) proapoptotic 
factor [39] and the glucocorticoid receptor [40]. Additional prominent NOTCH1 
target genes involved in supporting leukemia cell growth and proliferation include 
the interleukin 7 receptor alpha chain (IL7R) [41] and IGF1R [42] receptors and cell 
cycle regulators such as CCND3, CDK4, and CDK6 [43]. Finally, a role for 
NOTCH1 in T-ALL cell homing and migration has been linked with expression of 
the CCR5 and CCR9 [44] chemokine receptors, and NOTCH1- induced upregula-
tion of CCR7 in leukemia lymphoblasts may also favor meningeal infiltration [45].

 Genetic Disruption of Cell Cycle Control

Genetic loss of the CDKN2A P16/INK4A and P14/ARF tumor suppressors in the 
short arm of chromosome 9 is found in over 70% of T-ALL cases [12, 46] leading 
to uncontrolled G1-S cell cycle progression and increased MDM2 activity resulting 
in impaired TP53 tumor suppressor function. In addition, deletions encompassing 
the RB1 and CDKN1B cell cycle inhibitors can be found in approximately 15% of 
T-ALL cases [47, 48]. Moreover, about 6% of T-ALLs show activating mutations in 
CCND3 [49], and 3% of cases harbor t(12;14)(p13;q11) and t(7;12)(q34;p13) 

F. Gianni and A. Ferrando



37

translocations driving aberrantly high levels of CCND2 expression [50], highlight-
ing a major role for deregulated D type cyclin activity promoting G1-S cell cycle 
progression in T-cell transformation.

 T-ALL Transcription Factor Oncogenes

Aberrant expression of TAL1, a developmentally important class II basic helix-loop- 
helix (bHLH) transcription factor, is found in 30–40% of T-ALL as result of local 
and intrachromosomal rearrangements and cis-acting intergenic mutations that cre-
ate a de novo activating enhancer [51–53]. In addition, LYL1, TAL2, and BHLHB1, 
three TAL1-related class II bHLH factors, are also aberrantly expressed in rare 
cases as a result of chromosomal translocations [54–56]. Mechanistically, TAL1 
interferes with the function of the class I bHLH E-proteins (E2A/TCF3, HEB/
TCF12, and E2-2/TCF4) disrupting the transcriptional programs that control T-cell 
differentiation [57–61]. In addition, TAL1 together with RUNX1 and GATA3 forms 
self-reinforcing transcriptional positive autoregulatory loop, which in association 
with MYB drives T-ALL tumor initiation and maintenance [62]. Similarly, LMO1 
and LMO2, which encode bHLH-interacting LIM-only domain proteins, are aber-
rantly expressed in about 10% of T-ALL cases as a result of chromosomal transloca-
tions, cis-acting upstream deletions, and promoter and enhancer activating mutations 
[63–66]. LMO proteins form transcriptional complexes with TAL1 and other bHLH 
factors in support of a common and cooperative role in T-ALL [67, 68]. Importantly, 
forced expression of these LMO factors induces stem cell-like self-renewal capacity 
in thymocytes [69, 70], which may underlie the development of LMO2-induced 
T-ALL in X-linked severe combined immunodeficiency patients undergoing 
retroviral- based gene therapy [71].

A separate group of T-ALLs show aberrant expression of oncogenic homeobox 
transcription factors. These include most prominently the HOXA9 and HOXA10 
HOXA paralog genes and the TLX1 and TLX3 NK-L subclass of HOX transcription 
factors. HOXA9 and HOXA10 are activated in about 3% of T-ALL cases as a result 
of chromosomal rearrangements moving this paralog cluster into the vicinity of the 
TCR loci [72]. In addition, the PICALM-MLLT10 oncogene generated as a result of 
the recurring t(10;11)(p13;q14-21) chromosomal translocation in 10% of T-ALLs 
[73], KMT2-MLLT1 generated by the t(11;19)(q23;p13.3) rearrangement in 5% of 
T-ALL cases [74], and the SET-NUP214 oncogene originating from a rare cryptic 
chromosome 9q deletion [75] all share in common a transcriptional program char-
acterized by high levels of HOXA gene expression.

TLX1 is aberrantly expressed in T-ALLs with the t(10;14)(q24;q11) TLX1-TCR 
translocation [76, 77] present in about 5–10% of children and 30% of adult T-ALLs 
[12, 78]. In addition TLX3 is most commonly activated as a result of the t(5;14)
(q35;q32) TLX3-BCL11B translocation, which can be found in 20–25% of pediatric 
and 5% of adult T-ALL cases [12, 79]. Mechanistically, TLX1 and TLX3 regulate 
common direct target genes, and TLX1 and TLX3 leukemias share a common gene 
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expression signature, which includes downregulation of numerous tumor suppres-
sor genes also mutated in T-ALL such as BCL11B, PHF6, RUNX1, and WT1 [80]. 
Similarly, NKX2-1 and NKX2-2, two highly related homeobox genes, are rearranged 
and aberrantly expressed in about 5% of pediatric T-ALLs [81], and NKX2-5 trans-
locations to either TCR or BCL11B sites have been reported in occasional cases 
[82, 83].

The MYC transcription regulator functions as a central regulator of cell growth 
and proliferation downstream of NOTCH1 in thymocyte development and in T-ALL 
[33, 84]. In addition, about 1% of T-ALLs activate MYC as result of the t(8;14)
(q24;q11) MYC-TCR translocation [85, 86]. Similarly, the t(6;7)(q23;q32) chromo-
somal translocation induces aberrant expression of the MYB leucine zipper tran-
scription factor oncogene in about 2% of T-ALL cases, most commonly in young 
children under the age of 2 [87]. Moreover, activating mutations and focal duplica-
tions of the MYB locus are common in pediatric and adult T-ALLs [49, 88, 89]. 
Finally, different chromosomal rearrangements commonly inducing overexpression 
of the SPI1 transcriptional regulator are present in 4% of pediatric T-ALLs, which 
seems to be associated with a poor prognosis [90].

 Transcription Factor and Epigenetic Tumor Suppressors

Loss-of-function mutations and chromosomal deletions in T-ALL frequently 
involve epigenetic regulators and transcription factor genes with prominent roles in 
early T-cell development. Epigenetic regulators recurrently mutated in T-ALL 
include PRC2 complex genes (EZH2, SUZ12, and EED) [91, 92], the plant 
homeodomain- like factor PHF6 [93], and KDM6A, a histone H3K27 demethylase 
[94, 95]. In addition epigenetic-disrupting mutations in IDH1, IDH2, and DNMT3A 
are frequently found in the ETP ALL group [14, 92]. Among these, loss of PHF6 is 
the most common and can be found in about 20% of T-ALL cases [93] and in 
20–25% of ETP leukemias [92]. PHF6 seems to actively participate in epigenetic 
regulation and interaction with the NuRD nucleosome repositioning and histone 
deacetylation complex [96, 97], but it is worth noting that it primarily localizes to 
the nucleolus where it participates in the control of ribosomal gene expression [98]. 
In T-ALL, PHF6 mutations are an early tumor-initiating lesion, and knockout of 
Phf6 in mice has been shown to induce increased self-renewal in hematopoietic 
stem cells and in NOTCH1-induced T-ALL models [99]. In addition, genetic lesions 
in the EZH2, EED, and SUZ12 polycomb repressive complex 2 (PRC2) genes, 
responsible for epigenetic gene silencing via writing of the H3K27me3 epigenetic 
mark, are present in up to 25% of T-ALLs [91] and up to 42% of ETP leukemias. 
Conversely, mutations in the KDM6A, a H3K27me3 histone demethylase, are 
mutated in 5–15% of T-ALLs [94, 95].

Finally, mutations inactivating RUNX1, ETV6, and GATA3, transcription factors 
promoting thymocyte development, are associated with ETP leukemias [14, 92], 
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and genetic alterations in LEF1, WT1, and BCL11B are predominantly found in 
early cortical T-ALLs with TLX1 and TLX3 translocations [80, 100, 101].

 Mutational Activation of Oncogenic Signaling Pathways

About 5% of T-ALLs show chromosomal rearrangements resulting in ABL1 fusion 
tyrosine kinase oncogenes including most frequently NUP214-ABL1 [102] but also 
EML1-ABL1 [103] and ETV6-ABL1 [104]. In addition, activating mutations driving 
increased MAK, PI3K, and JAK-STAT signaling are recurrently found in 
T-ALL. Thus, canonical hotspot activating mutations in the HRAS and KRAS onco-
genes are found in 10–15% of T-ALLs, particularly in ETP ALLs [49, 92], and 
genetic loss of the neurofibromatosis type 1 (NF1), a negative regulator of RAS 
signaling, occurs in 3% of cases [105]. Moreover, mutations driving constitutive 
PI3K activation can be found in about 30% of T-ALL samples [49]. Among these, 
loss of the PTEN tumor suppressor gene as a result of mutations and deletions is 
present in 10–15% of T-ALL cases [106]. In addition, the t(X;7)(q22;q34) and 
t(X;14)(q22;q11.2) translocations have been shown to induce overexpression of 
IRS4 [107, 108], a signaling factor driving AKT activation [109]. Finally, activating 
mutations in IL7R, JAK1, JAK3, and STAT5 resulting in constitutively active JAK- 
STAT signaling are present in about 25% of T-ALL cases [49, 110, 111] particularly 
in ETP leukemias [92]. Moreover, translocations targeting the zinc finger E-box- 
binding transcription factor ZEB2 [112]; loss-of-function mutations in DNM2, 
which controls IL7 receptor trafficking; deletion of the PTPN2 phosphatase; and 
mutations in SH2B3, a negative regulator of cytokine signaling, also result in 
increased JAK-STAT signaling [113–115]. Finally, about 8% of T-ALL cases show 
a recurrent R98S mutation in the ribosomal protein gene RPL10, with consequent 
changes in protein translation conductive of JAK-STAT signaling upregula-
tion [116].

 Association of Genetic Mutations and Chromosomal 
Rearrangements with Transcriptional and Biological Groups 
of T-ALL

T-ALL transformation is an orchestrated process in which cooperating mutations 
with convergent and complementary mechanisms of action associate defining dis-
tinct oncogenic pathways and molecular groups. ETP T-ALLs show a lower fre-
quency of NOTCH1 mutations and CDKN2A deletions and, in turn, show higher 
frequencies of mutations in signaling factors (e.g., NRAS, FLT3) and epigenetic 
regulators (e.g., EZH2, IDH1, IDH2, DNMT3A) commonly present in myeloid leu-
kemias, as well as mutations in transcription factors governing hematopoietic and 

2 Genetic Mechanisms in T-Cell Acute Lymphoblastic Leukemia



40

T-cell development (e.g., RUNX1, GATA3, ETV6) [48, 92, 117]. In contrast, typical 
T-ALLs with an early cortical immunophenotype (CD1a, CD4, CD8 positive) are 
associated with activation of the TLX1, TLX3, NKX2.1, and NKX2.2 transcription 
factor oncogenes and show a very high prevalence of NOTCH1 mutations and 
CDKN2A deletions as well as an association with PHF6 mutations, BCL11B and 
WT1 mutations, and NUP214-ABL1 rearrangements [12, 17, 81, 101, 102, 118]. 
Finally, T-ALLs with a more CD4-, CD8-, and CD3-positive late cortical thymocyte 
immunophenotype are characteristically associated with alterations resulting in 
aberrant expression of TAL1 and LMO factors as well as with deletions and muta-
tions in the PTEN tumor suppressor gene [12].
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Chapter 3
Minimal Residual Disease in Acute 
Lymphoblastic Leukemia: Techniques 
and Application

Xueyan Chen and Brent L. Wood

 Introduction

Acute lymphoblastic leukemia (ALL) is a heterogeneous group of diseases with 
different clinical, phenotypic, and genetic features and variable response to therapy. 
ALL predominantly occurs in children but affects adults as well. The estimated 
annual incidence of ALL is 1–4.75 cases per 100,000 people [1, 2]. In newly diag-
nosed pediatric ALL, 80–85% of cases have a precursor B-cell phenotype (B-ALL), 
and 12–15% have a precursor T-cell phenotype (T-ALL) [1, 3].

With contemporary chemotherapy protocols, the survival rates among children 
and adolescence with ALL have improved substantially over the past several 
decades. Pediatric ALL has been considered a highly curable disease, with 5-year 
event-free survival (EFS) above 85% [4, 5]. Outcomes for T-ALL, historically infe-
rior to B-ALL, have also significantly improved with recent advances in therapy, 
with 5-year EFS over 85% [6–8].

A significant reason for the improvement in outcome for ALL is the implementa-
tion of risk-stratified therapy based on patient characteristics and types of leukemia 
as well as response to therapy [4, 9, 10]. Minimal or measurable residual disease 
(MRD), measured by sensitive methods at various time points post-induction 
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therapy, represents the integration of biological features of leukemia, patient char-
acteristics, and chemotherapy regimens, which together determine treatment effi-
cacy. In both pediatric and adult ALL, MRD status is the most powerful prognostic 
factor and highly predictive of relapse, superseding other historically relevant fac-
tors including age, white blood cell count, and cytogenetics [11–25]. MRD has 
proven utility in risk group assignment and informing tailored management of 
patients, including intensification or reduction of chemotherapy, hematopoietic 
stem cell transplantation (HSCT), and novel therapies.

Given the unequivocal prognostic impact of MRD by numerous studies, it is 
essential to develop sensitive, accurate, and standardized methods for MRD detec-
tion and monitoring. The assessment of MRD has evolved substantially over the 
past decade with improvements in technology. Currently, MRD in ALL is most 
commonly evaluated by multiparametric flow cytometry and real-time quantitative 
polymerase chain reaction (RQ-PCR)-based methods. Most recently, new molecu-
lar methods, such as high-throughput sequencing (HTS), have evolved into routine 
laboratory tools to improve the sensitivity and specificity of MRD detection and to 
enhance prognostication.

 Concept of MRD

Current multiagent regimens allow the majority of patients with ALL to achieve 
durable remission. Traditionally, treatment response is determined by morphology-
based methods and clinical criteria [26]. However, many patients achieving mor-
phologic remission ultimately relapse, indicating that morphology-based methods 
are neither sensitive nor specific enough to detect low levels of leukemic blasts. 
Highly sensitive methods are required to better assess the reduction in disease bur-
den and to recognize impending relapse.

The first report of detection of morphologically non-evident residual disease in 
leukemia was published nearly four decades ago, which identified residual leukemic 
cells in the bone marrow of patients with T-ALL using fluorochrome-conjugated anti-
sera by fluorescence microscopy [27]. That led to the introduction of the fundamental 
concept of MRD which is used to describe the presence of leukemic blasts after ther-
apy at a level below the limit of conventional cytomorphologic detection (<5% of 
blasts). It is estimated that MRD is present in 33–47% of adult patients with B-ALL 
following induction therapy [28]. On the basis of the independent and high prognostic 
value of MRD for outcome seen in numerous studies, there is a strong rationale to 
incorporate MRD status into the criteria to define treatment response. The Consensus 
Development Workshop on MRD from major European study groups established a 
standardized description of MRD-based response, including “complete MRD 
response,” “MRD persistence,” and “MRD reappearance,” which allows a standard-
ized assessment of response to treatment and for comparison of MRD results between 
different treatment protocols [29]. The definition of remission has gradually evolved; 
recent studies have proposed to use both morphology and MRD when assessing 
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remission [30, 31]. The current risk stratification strategy in ALL combines conven-
tional risk factors and MRD into a decision algorithm.

 Techniques for MRD Detection

To be clinically informative, optimal MRD assays should reliably discriminate leu-
kemic blasts from normal lymphoid cells with high sensitivity consistently during 
the course of therapy, facilitate a timely report of results, and allow wide implemen-
tation with interlaboratory standardization. Multiparametric flow cytometry to iden-
tify leukemic blasts by immunophenotypic aberrancy and RQ-PCR-based methods 
to detect leukemia-specific rearranged immunoglobulin (IG) and T-cell receptor 
genes (TCR) are the most commonly used MRD assays in clinical practice [32]. 
Reverse transcriptase quantitative PCR (RT-qPCR) amplification of oncogenic 
fusion transcripts from balanced chromosome translocation is less commonly used 
because the identifiable fusion transcripts are only present in a subset of ALL. With 
recent advances in HTS, much effort has been devoted to the development of HTS-
based MRD assays and their implementation in clinical practice. Currently, multi-
parametric flow cytometry and RQ-PCR analysis of IG/TCR gene rearrangements 
are informative in >95% of patients with Ph-negative B-ALL and T-ALL. While 
RT-qPCR-based testing of BCR/ABL1 fusion is a commonly used method for MRD 
monitoring in Ph-positive B-ALL [33, 34], a persistent signal may not correlate 
with outcome due to the presence of the translocation in preleukemic stem cells or 
mature forms derived from those stem cells, so supplementation by another method 
is now increasingly common.

 Multiparametric Flow Cytometry

 Methodological Principles of MRD Detection by Flow Cytometry

Discriminating leukemic blasts from normal lymphoid progenitors relies on the 
immunophenotypic principle that the antigen expression patterns on the normal 
lymphoid progenitors through all stages of differentiation are highly reproducible 
and differ from those seen on leukemic blasts, which have altered patterns of anti-
gen expression resulting from underlying genetic mutations [35]. At present, this 
fundamental principle is applied in two related methodological approaches for 
MRD detection by flow cytometry.

The first approach is based on identification of a combination of antigens with 
aberrant expression patterns on the leukemic blasts, designated “leukemia-associ-
ated immunophenotypes” (LAIPs) that are not observed in normal lymphoid pro-
genitors [36]. The main types of LAIPs include asynchronous antigen expression, 
cross-lineage antigen expression, antigen overexpression/underexpression, and 
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ectopic phenotypes [19, 37]. LAIPs are first identified at diagnosis, using an anti-
body panel to define regions in multiparametric space that are occupied by leukemic 
blasts but not normal lymphoid cells. Following treatment, the informative antibody 
panel identified at diagnosis is used on post-therapy samples, and any leukemic 
blasts present in the predefined LAIP regions are considered as MRD. Leukemic 
blasts may have multiple LAIPs recognized in the diagnostic sample, all of which 
should be carefully followed in the subsequent samples to improve sensitivity and 
specificity of MRD detection. The increased number of fluorochromes and the abil-
ity to analyze more antigens simultaneously would in principle improve the confi-
dence of identification of a leukemic blast population with specific LAIPs.

Although it has been successfully applied in some studies, this strategy has some 
limitations. First, LAIPs of leukemic clones are not always stable throughout the 
therapy [38–41], likely due to leukemic blast heterogeneity and subclone selection. 
One study observed a change of expression of at least one antigen in 69% of the 
cases with B-ALL between diagnostic and relapsed samples [38]. Such immuno-
phenotypic shifts may lead to false-negative results, if rigid gating strategy with 
defined regions is used to identify MRD.  Second, the immunophenotype of the 
background normal lymphoid progenitors and leukemic blasts may be altered under 
the influence of therapeutic drugs [38, 42–44]. It has been shown that steroid treat-
ment in patients with B-ALL can induce immunophenotypic modulation of leuke-
mic blasts including downregulation of immature antigens CD10 and CD34 and 
upregulation of mature antigens CD20 and CD45. In T-ALL, immaturity-associated 
antigens, such as TdT, CD99, and CD34, were dramatically reduced during therapy, 
while lineage-associated markers remained relatively stable [45]. Similarly, the 
immunophenotype of normal lymphoid progenitors may also change, causing it to 
appear in the regions predefined for abnormal blasts which results in a false-positive 
result. In addition, noise from nonspecific binding of reagents can be present in 
some samples and be counted as part of the LAIP, resulting in a false-positive result. 
Lastly, this method is entirely dependent on the LAIPs identified at diagnosis. 
Without the prerequisite knowledge of diagnostic LAIPs, an individualized anti-
body panel cannot be constructed to define regions for precise MRD detection. This 
requirement will have significant impact on its application in reference laboratories 
and tertiary care centers, where only post-therapy samples are available.

An alternative approach, known as “difference from normal,” relies on the theory 
that the immunophenotype of the leukemic blasts differs from the spectrum of anti-
genic expression patterns on normal lymphoid cells of similar lineage and matura-
tional stage [46, 47]. At initial diagnosis, this method establishes the specific 
immunophenotype of leukemic blasts, similar to the identification of LAIPs. As 
such, this method is a superset of the LAIP approach. In the post-therapy samples, 
all progenitor populations at varying maturation stages are evaluated to look for 
discrete populations having immunophenotypic aberrancies that deviate from the 
antigenic patterns of normal progenitors (Fig. 3.1). The immunophenotype identi-
fied in the diagnostic sample can be used as a starting point for post-therapy assess-
ment, but diagnostic LAIPs to define regions for MRD are not required by the 
“difference from normal” approach. A standard antibody panel emphasizing normal 
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Fig. 3.1 The detection of MRD for acute lymphoblastic leukemia (ALL) following induction 
therapy by flow cytometry. Bone marrow (a, c) or peripheral blood (b) post-induction therapy was 
analyzed with an informative antibody panel. The antibody combination allows the identification 
of residual leukemic blasts by deviation from normal lymphoid progenitors based on lineage and 
maturational stage
(a) B-ALL MRD. The leukemic blasts (red) that represent MRD are characterized by abnormal 
expression of CD9 (uniform), CD10 (increased), CD34 (slightly increased), CD38 (decreased), 
CD45 (slightly decreased), and CD58 (increased) relative to immature normal B-cell precursors 
(cyan) of similar maturational stage. The mature B cells are colored in blue. The population is 
enumerated at 0.011% of total nucleated cells and 0.023% of nucleated mononuclear cells
(b) B-ALL MRD (day 8 post-induction therapy). The leukemic blasts (red) that represent MRD are 
characterized by abnormal expression of CD10 (increased), CD19 (decreased), CD34 (slightly 
increased), and CD45 (decreased) comparing to normal immature B-cell precursors, which should 
not be present in the peripheral blood at this time point. The mature B cells are colored in blue. The 
population is enumerated at 0.02% of total nucleated cells
(c) T-ALL MRD. The leukemic blasts (red) that represent MRD are characterized by abnormal 
expression of CD3 (absent on the surface, present in the cytoplasm), CD5 (slightly decreased), 
CD7 (slightly increased), CD8, CD38 (increased), and CD48 (absent) relative to mature T cells 
(green and pink). The population is enumerated at 0.33% of white cells and 1.1% of nucleated 
mononuclear cells
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patterns of lymphoid maturation and including aberrant antigens commonly identi-
fied in LAIPs, rather than individualized antibody panels for LAIPs, can be imple-
mented, which are important factors to consider especially for reference laboratory 
testing. Immunophenotypic shifts on leukemic blasts during therapy, which may 
have an impact on MRD detection by LAIP evaluation, do not affect MRD recogni-
tion by the “difference from normal” approach in a majority of cases. Despite all 
these advantages over the LAIP method, “difference from normal” does require 
extensive expert knowledge of antigenic expression patterns on lymphoid progeni-
tors during normal differentiation and regeneration, making interlaboratory stan-
dardization and implementation of data interpretation challenging.

In clinical practice, an integrated strategy using components of both methods 
simultaneously is commonly applied to improve diagnostic accuracy. Flow cytom-
etry assay sensitivity is largely dependent on the number of events acquired, the 
antibody panels used, and the degree of immunophenotypic deviation of the leuke-
mic blasts from normal progenitors. Despite the fact that the recommended number 
of events for acquisition and the number of events to define a clonal leukemic blast 
population vary significantly among laboratories, a sensitivity of 0.01% can be 
achieved in a large majority of B-ALL and T-ALL. Assay sensitivity can also vary 
at different time points post-therapy as some abnormal immunophenotypes may be 
challenging to differentiate from immunophenotypic aberrancies associated with 
active marrow regeneration. In a sample with a large number of normal lymphoid 
progenitors, assay sensitivity may be significantly reduced unless the leukemic pop-
ulation shows prominent abnormalities.

 Flow Cytometry Antibody Panels

Desirable MRD assays should have minimal antibody interaction and provide high 
fluorescence intensities on leukemic blasts with low background. Although there is 
no consensus on antibody panel selection, different combinations have been tested 
in B-ALL MRD detection [17, 48–52]. The optimal antibody panels for B-ALL 
MRD would facilitate identification of leukemic blasts with aberrant, immature 
immunophenotypes that deviate from normal lymphoid cells. The selection of anti-
bodies for T-ALL MRD emphasizes the ability to identify immunophenotypic fea-
tures of immature T cells distinct from mature T and NK cells, as the presence of 
immature T cells in peripheral blood or bone marrow strongly suggests MRD 
(Table 3.1) [45, 47]. The reagent panels for T-ALL MRD are less well defined and 
validated because of the low frequency of the disease.

The Children’s Oncology Group (COG) assay uses two 6-color reagent combi-
nations for identification of leukemic blasts, and a third reagent combination con-
taining a DNA/RNA binding dye (Syto16) provides a nucleated cell denominator 
for enumeration (Table 3.1) [12]. Residual leukemic blasts are enumerated as the 
percentage of total nucleated mononuclear cells, excluding maturing granulocytic 
cells and including nucleated erythroid cells. MRD measured by the COG assay is 
highly prognostic in pediatric B-ALL and useful in risk stratification and 
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risk-directed therapy [12] and has been implemented in a standardized manner in a 
network of more than 20 laboratories internationally.

Recently, the EuroFlow Consortium described a fully standardized 2-tube, 
8-color antibody panel for B-ALL MRD testing (Table 3.1) after multiple rounds of 
multicenter optimization, which allowed separation between leukemic blasts and 
normal lymphoid progenitors in >99% of the patients [53]. In samples with suffi-
cient cells (>4 million) analyzed, flow cytometric MRD assay reached a sensitivity 
of ≤0.001% (10−5), similar to RQ-PCR-based method. The concordance between 
flow cytometric and RQ-PCR-based MRD data was 98% (97% for samples with 
MRD < 0.01%).

Over the past several years, immunotherapy has been introduced to patients with 
relapsed/refractory B-ALL and demonstrated encouraging results. Both chimeric 
antigen receptor-expressing T cells (CAR-T cells) and bi-specific T-cell engager 
(BiTE) directed against B-cell marker CD19 deplete both normal B cells and leuke-
mic blasts expressing CD19 [54–58]. As a principal reagent to identify B cells, 

Table 3.1 Antibody panels for the detection of MRD in acute lymphoblastic leukemia (ALL)

A. Antibody panels recommended by Euro-Flow Consortium for B-ALL MRD
PB PO FITC PE PerCP5.5 PE-

Cy7
APC APC 

C750
1 CD20 CD45 CD81 CD66c/

CD123
CD34 CD19 CD10 CD38

2 CD20 CD45 CD81 CD73/
CD304

CD34 CD19 CD10 CD38

B. COG antibody panels for B-ALL MRD
FITC PE PerCP5.5 PE-Cy7 APC APC-

H7
1 CD20 CD10 CD38 CD19 CD58 CD45
2 CD9 CD13 + 33 CD34 CD19 CD10 CD45
3 Syto16 CD3 CD19 CD71 CD45
C. COG antibody panels for B-ALL MRD at day 8 post induction (peripheral blood only)

FITC PE PerCP5.5 PE-Cy7 APC APC-
H7

Syto16 CD20 CD34 CD19 CD10 CD45
D. Antibody panels for B-ALL MRD in patients post anti-CD19 therapy

BV421 BV510 FITC PE PerCP5.5 PE-
Cy7

APC APC-
H7

CD10 CD38 CD66b CD22 CD34 CD20 CD24 CD45
E. COG antibody panels for T-ALL MRD

V450/
BV421

FITC PE PE-CF594 PE-Cy5 PE-
Cy7

A594 APC APC-
H7

1 CD16 cCD3 CD7 CD56 CD5 CD38 sCD3 CD45
2 CD8 CD48 CD5 CD34 CD56 + 16 CD3 CD4 CD7 CD45
3 Syto16 CD7 CD56 CD3 CD71 CD45

A594 Alexa Fluor 594, APC allophycocyanin, FITC fluorescein isothiocyanate, PE phycoery-
therin, PE-Cy5 PE-cyanine-5, PE-Cy7 PE-cyanine-7, PerCP5.5 PerCP-Cy5.5, PO pacific orange
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CD19 alone is insufficient to enrich for B cells after anti-CD19-targeted therapy. In 
this context, other B-cell markers must be incorporated to allow for B-cell identifi-
cation and MRD detection. A novel flow cytometric assay using both CD22 and 
CD24 as alternative gating reagents for B cells has been described and validated in 
the setting of immunotherapy targeting CD19 or CD22 (Table 3.1) [59]. The pro-
posed combination showed a good correlation with the standard flow cytometric 
assay for B-ALL MRD detection and successfully identifies both CD19-positive 
and CD19-negative leukemic blasts.

 Real-Time Quantitative PCR

IG and TCR genes undergo rearrangements during early stages of B and T lympho-
cyte maturation. Leukemic blasts in ALL originate from one single lymphoid pro-
genitor and therefore carry the same clonally rearranged IG and TCR genes. 
RQ-PCR-based MRD testing relies on identification of clonally rearranged IG and 
TCR genes which represent unique sequences in individual leukemic blasts among 
normal lymphoid cells expressing rearranged genes with different sequences [60]. 
While IG rearrangements are more frequently detected in B-ALL and TCR rear-
rangements more commonly found in T-ALL, both B-ALL and T-ALL leukemic 
blasts can display cross-lineage rearrangement [61, 62]. Clonal IG heavy chain 
(IGH) and TCR gamma (TCRG) gene rearrangements can be detected in >90% of 
B-ALL and T-ALL [63, 64]. Approximately 70% of clonal IGH rearrangements are 
preserved in relapsed B-ALL [65, 66], whereas ~90% of rearrangements are pre-
served in relapsed T-ALL [67]. Therefore, it is recommended that at least two inde-
pendent clonal IG/TCR markers are used for MRD detection to reduce false-negative 
results [68]. With additional PCR targets [such as IG kappa, incomplete IGH, TCR 
beta (TCRB), TCR delta (TCRD), etc.], 90–95% of ALL patients can be monitored 
by at least two sensitive MRD targets [60, 64]. This assay generally reaches a sen-
sitivity of 0.01–0.001% (10−4–10−5).

RQ-PCR-based MRD testing is a complex, multistep process. The specific IG or 
TCR gene rearrangements are sequenced at diagnosis for target identification, 
allele-specific oligonucleotide (ASO) primers designed complimentary to the 
unique patient or leukemic-specific junctional region sequences are synthesized, 
and RQ-PCR conditions are optimized for each target. The ASO primers are then 
applied to post-therapy samples to identify patient-specific IG/TCR gene rearrange-
ments, and quantification of MRD is achieved by comparing the amplified product 
to a standard curve established from amplification of serial dilution of a control 
gene [69]. As a result, the RQ-PCR-based method is time-consuming and laborious 
and requires extensive knowledge and expertise; therefore, standardization and 
quality control of the assay are critical for correct interpretation of data and to allow 
interlaboratory comparison of MRD results. This method has been thoroughly stan-
dardized via international collaboration through the efforts of the Euro-MRD 
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groups, with established guidelines for determination of quantitative range, sensi-
tivity, specificity, and reproducibility for each assay [29, 60, 70].

In addition to IG and TCR gene rearrangements, leukemic-specific gene fusion 
transcripts, such as BCR/ABL1 and MLL rearrangements, are found in one third of 
ALL and can also be used as targets for quantitative measurement of residual leuke-
mic cells at mRNA level by RT-qPCR [29]. This assay uses the same primer/probe 
combination for all patients and is more sensitive (up to 10−6) than DNA-based 
assay as many copies of mRNA can be present in a leukemic blast.

 High-Throughput Next-Generation Sequencing (HTS)

With recent advances in sequencing technology, HTS has become an emerging tool 
for MRD detection with improved sensitivity compared to flow cytometry and 
RQ-PCR and has demonstrated a potential as a diagnostic platform. This technique 
has high-level multiplexing capacity that allows for simultaneous amplification of 
all possible combinations of the rearranged IG or TCR loci using consensus prim-
ers. At diagnosis, HTS detects patient-specific index clonal IG/TCR gene rearrange-
ments using universal primers. The same procedure is applied to the posttreatment 
samples to identify the index sequences and quantify MRD, eliminating the require-
ment for patient-specific ASO primers [14]. In addition, HTS can detect small neo-
plastic subclones present after therapy not identified by flow cytometry or RQ-PCR 
and monitor clonal evolution that is the source of false-negative results seen with 
RQ-PCR-based methods. Leukemic clones detected by HTS at relapse can be 
genetically identical to, evolved from, or completely distinct from diagnostic clones 
[71]. In theory, HTS-based techniques can reach a sensitivity below 10−5 for MRD 
detection. Some studies using commercial assays have claimed an even lower limit 
of MRD detection of 10−6–10−7 in B-ALL [72, 73].

HTS offers higher sensitivity and precision than other MRD techniques and has 
been applied to MRD monitoring in ALL. In one cohort of T-ALL, HTS identified 
at least one clonal TCRB or TCRG rearrangements in 81% of pretreatment samples. 
At day 29, HTS showed greater sensitivity and specificity than flow cytometry in 
MRD assessment by detecting the original clonal TCRB sequences [74]. The 
absence of clonal TCRB rearrangements was associated with early thymic precur-
sor (ETP) or near-ETP subtypes, where rearrangement of TCR had not yet occurred. 
Similarly in B-ALL, HTS of IGH genes detected clonal IGH rearrangements in 
95% of diagnostic samples and successfully identified MRD in day 29 posttreat-
ment samples with a tenfold increase in the lower limit of detection as compared to 
flow cytometry [75]. These findings suggest the potential clinical utility of HTS in 
MRD monitoring and risk stratification. Prospective studies will be needed to com-
pare the predictive values of MRD by HTS and standard methods. As HTS becomes 
more applicable and affordable, consensus guidelines for data interpretation and its 
clinical use are expected before implementation in ALL MRD surveillance.
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 Comparison of Methods for MRD Detection

The advantages and logistical challenges associated with different MRD techniques 
are outlined in Table 3.2. The choice of MRD techniques is mainly dependent on the 
clinical trial design and available resources. The major advantages of flow cytome-
try are general applicability to all ALL, wide availability of the assay, rapid report-
ing of the results allowing for prompt decision making, and simultaneous assessment 

Table 3.2 Advantages and limitations of MRD techniques in acute lymphoblastic leukemia (ALL)

Multiparametric flow 
cytometry

Real-time 
quantitative PCR

Reverse 
transcriptase 
quantitative 
PCR

High-throughput 
sequencing

Target Leukemia-associated 
immunophenotypes or 
“difference from 
normal” approach

IG/TCR gene 
rearrangements

Leukemic fusion 
transcripts

IG/TCR gene 
rearrangements

Applicability Essentially all ALL >95% of ALL 25–40% of 
B-ALL, 10–15% 
of T-ALL

>95% of ALL

Sensitivity 3–4 colors: 
0.1–0.01%

0.01–0.001% 0.01–0.001% 0.0001%

6–10 colors: 
0.01–0.001%

Specimen Viable cells DNA RNA DNA
Turn-around 
time

1–2 days ~ 4 weeks 1–3 days 1–2 weeks

Availability Widely available Widely available 
in Europe

Widely available Largely 
experimental, 
limited 
availability

Cost Moderate expense More expensive Moderate 
expense

Most expensive

Advantages Rapid resulting High sensitivity Rapid resulting High sensitivity
Direct quantification Thorough 

standardization
High sensitivity Readily 

standardized
Identifies and 
monitors therapeutic 
targets

Clinically 
validated role in 
risk stratification 
and treatment 
decisions by 
various clinical 
trials

Does not require 
patient-specific 
assays

Detects subclones 
and clonal 
evolution

Provides information 
on cellular 
composition

Targets stable 
during treatment

Provides 
information on 
physiological 
B/T-cell 
repertoire
Does not require 
patient-specific 
assays
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Table 3.2 (continued)

Multiparametric flow 
cytometry

Real-time 
quantitative PCR

Reverse 
transcriptase 
quantitative 
PCR

High-throughput 
sequencing

Disadvantages Inadequate 
interlaboratory 
standardization

High cost Only applicable 
to ALL 
harboring 
detectable 
fusion 
transcripts

High cost

Requires expert 
knowledge for data 
interpretation

Requires 
diagnostic sample 
to identify 
patient-specific 
IG/TCR gene 
rearrangements

Limited 
standardization

Requires 
diagnostic sample 
to identify 
patient-specific 
index IG/TCR 
gene 
rearrangements

False negativity 
resulting from 
immunophenotypic 
shifts or confounding 
regenerating 
progenitors

Requires 
construction of 
patient-specific 
primers

Instability of 
RNA

Requires complex 
bioinformatics

Time consuming 
and labor 
intensive

Uncertain 
quantification of 
leukemic blasts

Limited clinical 
validation

False negativity 
resulting from 
clonal evolution

of cellular characteristics required for targeted therapies. Unlike RQ-PCR that 
requires patient-specific primers, flow cytometry uses standardized antibody panels 
for essentially all patients. The main challenge in performing MRD detection by 
flow cytometry is the lack of reproducibility across laboratories due to considerable 
variability in instrumentation, reagents and procedures, data analysis software, and 
reporting [76, 77]. Because the data interpretation is inherently subjective, expert 
knowledge of normal and regenerative antigenic expression pattern of lymphoid 
progenitors and experience with immunophenotypic shifts post-therapy are required 
for accurate data interpretation. Therefore, interlaboratory standardization of meth-
odologies is necessary to ensure comparability of MRD results between different 
laboratories and treatment protocols. As shown for the COG assay, training the 
laboratories to use a standardized assay, along with systemic education and feed-
back on MRD data interpretation, can reduce discordance among interpreters [78]. 
The recent technical innovations including flow cytometers that allow for more col-
ors and automated data analysis [79] could improve sensitivity, specificity, and time 
effectiveness of MRD detection.
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RQ-PCR-based MRD assay is the gold standard method in ALL and has been 
extensively optimized and standardized in Europe. Although it is labor-intensive, 
time-consuming, and expensive, RQ-PCR analysis of IG/TCR rearrangement for 
MRD is 1-log more sensitive (10−4–10−5) than that achieved by standard flow 
cytometry [52, 80, 81]. This assay requires a laborious initial characterization of IG/
TCR gene rearrangements in leukemic blasts and construction of patient-specific 
ASO primers for posttreatment testing, making it challenging and expensive in a 
routine clinical setting. Other limitations include false-negative results due to clonal 
evolution or emergence of a new clone and false-positive results caused by nonspe-
cific amplification of IG/TCR genes in background lymphoid progenitors [82]. 
Currently, MRD assessment by flow cytometry is the standard of care in ALL in the 
United States, whereas RQ-PCR-based testing is commonly used in European clini-
cal trials.

Most studies have shown that flow cytometry and RQ-PCR analysis of IG or 
TCR rearrangements generate concordant MRD measurements, for MRD levels 
>0.01% [48, 52, 80, 83–85]. The discordant cases were frequently seen with low 
levels of MRD (<0.01%), mostly flow-negative/RQ-PCR-positive. The discordance 
can be explained by the higher sensitivity of the RQ-PCR assay, presence of non-
viable blasts detected by RQ-PCR but not by flow cytometry, nonspecific amplifica-
tion of normal DNA resulting in false-positive RQ-PCR results, immunophenotypic 
changes post-therapy, and the presence of confounding regenerating blasts which 
may reduce the sensitivity of flow cytometry. In B-ALL, the concordance between 
flow cytometry and RQ-PCR was time point-dependent; most discordance was 
found at day 33 post-therapy (70% concordant), as compared with day 15 (86% 
concordant) and day 78 (87% concordant) [52]. Patients with discordant MRD 
results at day 33 had an intermediate clinical outcome much closer to concordantly 
negative cases than to the concordantly positive cases, suggesting that the presence 
of very low level of discordant MRD at day 33 is not strongly predictive of outcome.

HTS platforms may mitigate some of the limitations of flow cytometry and 
RQ-PCR. Similar to RQ-PCR, a sample containing a relatively large number (>5%) 
of leukemic blasts is required for identification of clonally rearranged IG/TCR gene 
index sequences. Importantly, HTS uses a standardized assay with multiplexed 
primers for both diagnostic and subsequent samples and is therefore less laborious 
and time-consuming than standard RQ-PCR assays. HTS has the ability to detect 
minor subclones and monitor clonal evolution, reducing false-negative results seen 
by RQ-PCR assays. In addition, HTS also allows the evaluation of the heterogeneity 
of the normal lymphoid repertoire. Comparing to flow cytometry, HTS is less likely 
to be affected by immunophenotypic shifts and the presence of regenerating blasts, 
and data interpretation is less subjective. Nevertheless, flow cytometry provides 
more rapid reporting than either RQ-PCR or HTS, which is important when rapid 
clinical decision-making is needed, e.g., at End of Induction (EOI).

Early studies have suggested a higher analytic sensitivity of MRD detection at 
10−6–10−7 in B-ALL by HTS than that can be achieved by flow cytometry and 
RQ-PCR [73]. Subsequent studies further demonstrated HTS could detect MRD in 
posttreatment samples that was not identified by flow cytometry in both B-ALL [75] 
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and T-ALL [74]. In both studies, the MRD results were highly concordant between 
HTS and flow cytometry at the limit of detection of 0.01%. HTS additionally 
detected very low levels of MRD not identified by flow cytometry in a significant 
subset of patients. Comparing with RQ-PCR, MRD results in B-ALL by both meth-
ods were concordant in 85–96% of patients [73, 86]. Using an MRD threshold of 
0.01%, HTS was comparable to flow cytometry in predicting outcome and risk 
stratification [87]. Despite these promising results, clinical relevance of MRD mea-
sured by HTS needs to be further defined in randomized trials before implementa-
tion of HTS into routine MRD monitoring and risk stratification.

 Clinical Application of MRD

Multiple published trials have demonstrated the indispensible prognostic value of 
MRD in both pediatric and adult ALL regardless of disease subtype, therapeutic 
regimen, method and timing of MRD assessment, and threshold of MRD cutoff 
[88]. As a result, MRD status has been incorporated into clinical trials to assess 
response to initial treatment, for subsequent MRD-based risk stratification, and to 
direct future therapy. It is important to recognize that the clinical impact of MRD is 
strictly dependent on the timing of MRD assessment and MRD threshold for deci-
sion-making determined by therapeutic protocols. Therefore, MRD data cannot be 
directly extrapolated from one treatment regimen to another but rather must be 
evaluated under the same therapeutic conditions.

 Prognostic Implication of MRD

 MRD in Frontline Chemotherapy

Many studies unanimously support the significant prognostic impact of MRD in 
ALL, and therefore MRD serves as a critical component for risk stratification. The 
first large-scale prospective study AIEOP-BFM-ALL2000 in childhood and adoles-
cent B-ALL introduced standardized assessment of MRD by RQ-PCR (sensitive of 
at least 10−4) at two time points for risk stratification [9]. MRD negativity at day 33 
post-induction is the strongest predictor for excellent 5-year EFS, and high levels of 
MRD (≥ 10−3) at day 78 are highly predictive of relapse. Similar conclusions were 
drawn in pediatric patients with T-ALL enrolled in the same protocol [89]. Other 
study groups confirmed the independent prognostic impact of MRD, however, using 
different timing and methods of MRD testing and different cutoff values of MRD 
[11, 12, 18, 90, 91]. In a Swedish multicenter study, a MRD level ≥0.1% at day 29 
quantified by both flow cytometry and RQ-PCR predicted high risk of relapse in 
children with B-ALL [81]. In T-ALL, MRD detected by RQ-PCR was superior to 
flow cytometry in predicting relapse.
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The independent prognostic effect of MRD is also recognized in adult ALL 
using RQ-PCR [16, 25, 92] or flow cytometry [15]. Conventional prognostic fac-
tors lose their prognostic value when MRD status was included in the analysis [16, 
25]. A retrospective study of adults with MRD-positive ALL (≥10−4) by flow 
cytometry or RQ-PCR who received standard treatment of care between 2000 and 
2014 was recently performed using the European ALL study group database [93]. 
The data showed relatively short relapse free survival (RFS) and overall survival 
(OS) in patients with MRD-positive ALL, particularly at higher MRD levels, while 
lower baseline MRD level was a strong predictor for better RFS. Early complete 
molecular response during induction therapy was associated with an excellent out-
come [94].

Several studies have assessed the prognostic utility of HTS-based monitoring for 
MRD and have reported that MRD measured by HTS predicts risk of relapse in both 
pediatric [73, 86, 95] and adult ALL [96]. In the recent COG studies AALL0331 
and AALL0232, using a MRD threshold of 0.01%, HTS was equivalent to flow 
cytometry in its ability for risk stratification in childhood B-ALL at EOI [87]. 
Reducing the threshold of HTS below 0.01% at EOI did not improve risk stratifica-
tion in general but allowed identification of a small subset (19.9%) of standard-risk 
MRD-negative patients who had an outstanding outcome and required no further 
therapy. Although low-positive MRD (<10−4) and high-positive MRD (≥10−4) were 
similarly associated with decreased leukemia-free survival [95], HTS provided 
opportunity to identify additional patients with MRD who would benefit with inten-
sified therapy. Despite enhanced sensitivity of HTS to <10−6, the clinically action-
able MRD threshold for most patients appears to be unchanged. Comparison of the 
clinical utility of these methods should be addressed in prospective studies before 
definite adoption of HTS to replace other methods in MRD quantification for opti-
mal risk stratification.

 MRD in Pre- and Post-hematopoietic Cell Transplant

The prognostic impact of MRD status prior to hematopoietic cell transplant (HCT) 
is well established in children and adults [72, 97–101]. Many studies have also 
explored the importance of post-HCT MRD status, and all demonstrated that any 
evidence of MRD is significantly associated with increased risk of relapse [99, 100, 
102–105]. Studies have also been performed to evaluate whether more sensitive 
HTS better predicts relapse than standard methods in the setting of pre- and post-
HCT.  In a small cohort of adult B-ALL patients, MRD detected by HTS within 
30 days prior to HCT predicts post-HCT relapse [100]. After HCT, MRD ≥ 10−6 
detected in blood samples had shown a 100% positive predictive value for relapse. 
Comparing to flow cytometry, pre- and post-HCT MRD detected by HTS predicts 
relapse and survival more accurately than 6-color flow cytometry in pediatric 
patients with B-ALL [72]. Therefore, post-HCT MRD monitoring by HTS is useful 
in detecting impending relapse for early intervention before overt relapse.
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 MRD In Ph-Positive ALL

Ph-positive B-ALL accounts for about 25% of adult ALL [1]. While MRD is the 
most significant prognostic factor in Ph-negative ALL, the utility of MRD assess-
ment in Ph-positive is not well defined. In patients treated with frontline chemo-
therapy combined with tyrosine kinase inhibitors (TKI), complete molecular 
response measured by RT-qPCR at 3 months was associated with superior RFS and 
OS even without HCT compared with those with lesser molecular response [106, 
107]. The French GRAAPH-2003 study, however, showed that early MRD evalua-
tion did not significantly influence OS and disease-free survival [108]. The French 
GRAAPH-2005 study further confirmed that early MRD response was less dis-
criminant than WBC [109]. HCT improved outcome in patients with persistent 
MRD, but patients who achieved major molecular response did not benefit from 
HCT. To explore the predictive value of MRD in the setting of HCT, recent studies 
on Ph-positive ALL patients treated with chemotherapy and TKI support the prog-
nostic relevance of MRD before HCT [110, 111]. Achieving a complete molecular 
response prior to HCT significantly reduced the risk of relapse after HCT. Future 
prospective studies using MRD-based stratification may be necessary to clarify 
remaining issues and shed light on optimal management in Ph-positive ALL.

 MRD in Targeted Therapy

In the era of immunotherapy, MRD assessment can recognize patients that may 
benefit from novel therapeutic agents, in particular, in patients who are not candi-
dates for HCT. Inotuzumab ozogamicin directed against CD22 [112], BiTE blinatu-
momab [58, 113], and CAR-T cells directed against CD19 [55, 56] have been used 
in relapsed/refractory ALL and have shown to improve survival, in part mediated 
through inducing complete MRD response. The FDA has approved the use of blina-
tumomab in childhood and adult ALL patients with MRD ≥ 0.1% in first or second 
CR based on a phase 2 trial [114]. Of 116 patients evaluated, patients who achieved 
MRD negativity (78%) had significantly longer RFS and OS than patients with 
persistent MRD.  In a subsequent large phase 3 study randomizing Ph-negative 
relapsed/refractory ALL patients between blinatumomab and standard of care sal-
vage chemotherapy, patients receiving blinatumomab had significantly higher rates 
of complete remission (CR) and negative MRD status and longer EFS and OS than 
with chemotherapy [115]. This is the first time the FDA used MRD endpoint as the 
basis for approval of a therapeutic agent. Regarding anti-CD19 CAR-T cells, sev-
eral groups have shown that most of the responding patients became negative and 
maintain this status for several months or years [56, 116–118]. However, relapse 
rates are high even in patients achieving MRD negativity, different from frontline 
chemotherapy. After CAR-T therapy, MRD appears to be insufficient to predict 
long-term remissions. High-sensitivity MRD assays and early time point testing 
may be necessary to identify a subset of patients with rapid and deep response and 
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good prognosis. The prognostic relevance of MRD in the setting of novel therapies 
needs to be further elucidated in clinical trials.

 Therapeutic Implication of MRD

Although there are profound differences in trial design, methods and timing of 
MRD testing, and threshold for MRD-directed therapy, the major prospective stud-
ies have provided strong evidence that risk-directed therapy based on the presence 
of MRD improves survival and reduces the relapse rate in intermediate- and high-
risk pediatric ALL [7, 12, 119–122]. MRD levels at various time points post-therapy 
have been validated to predict relapse and incorporated into post-remission therapy 
regimen, including therapy intensification and HCT [123]. Similarly in adult ALL, 
high-risk patients with unfavorable MRD status can benefit from more intensive 
therapy, such as HCT, with significantly improved EFS and OS [15, 25, 92, 124].

On the other hand, MRD may be used to identify good responders that may ben-
efit from treatment de-escalation to reduce toxicity [125, 126]. In MRC UKALL 
2003 study of pediatric and young adult ALL, there was no significant difference in 
EFS in low-risk patients defined by MRD status at EOI (undetectable or <10−4) who 
received one or two delayed intensification courses [125], implying that treatment 
reduction is feasible for low-risk patients. HCT does not appear to be beneficial in 
patients with low levels of or no detectable MRD and therefore should be avoided 
[15, 25].

It is very likely that MRD has different clinical and therapeutic meanings depen-
dent on the underlying biology and genotype. Genome sequencing of pre- and post-
treatment childhood B-ALL identifies two distinct evolutionary patterns, a highly 
dynamic pattern and a quasi-inert evolutionary pattern, governing early and late 
relapse, respectively [127]. If confirmed in other cohorts, these findings have clini-
cal implications and emphasize the need for adapted treatment strategies to prevent 
therapeutic escape.

 Practical Issues

 Specimen Types for MRD Testing

MRD is tested and quantified in either peripheral blood or bone marrow, although 
the sample type has an apparent impact on assay sensitivity. MRD levels show a 
strong correlation in paired peripheral blood and bone marrow in T-ALL, but poor 
correlation in B-ALL with lower levels of MRD detected in peripheral blood [128, 
129]. Therefore, bone marrow is the preferred sample to achieve optimal sensitivity 
for MRD detection in B-ALL.  Recent studies demonstrate that although paired 
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peripheral blood and bone marrow samples showed comparable clonal distribution 
in most of patients with B-ALL, the peripheral blood does not consistently represent 
the clonal composition in the bone marrow, further implicating the importance of 
sample selection in MRD detection [130, 131].

 Timing and Methods for MRD Assessment

MRD is a time point- and context-dependent variable that has different prognostic 
implications at different time points following treatment. Although there is a lack of 
full agreement on optimal timing and methods of MRD assessment, in B-ALL a 
threshold of 0.01% at EOI is commonly used to identify patients with a greater risk 
of relapse and is largely technology independent. In T-ALL the data are less robust, 
but a threshold of 0.01–0.1% at the End of Consolidation therapy appears to identify 
poor-risk patients, in part a reflection of slower leukemic blast clearance in T-ALL 
compared with B-ALL. In addition, the MRD threshold to identify poor-risk patients 
appears dependent on the underlying biology, for example, an MRD threshold of 
0.1% at EOI is optimal to identify poor-risk patients within the pediatric standard-
risk B-ALL cohort having double trisomies, while an MRD threshold of 0.01% 
provides similar risk stratification for the remaining pediatric standard-risk patients 
[132, 133]. Based on the intent of MRD assessment, a general strategy for MRD 
testing will likely require more than one technology. At early time points (EOI), 
flow cytometry or RQ-PCR-based methods, if applicable, can provide adequate sen-
sitivity and rapid resulting for prompt decision-making. Further from therapy, espe-
cially post-remission surveillance, a high-sensitivity assay, such as HTS, is desirable 
as it is more likely that any level of MRD will be associated with a higher risk of 
overt hematologic relapse.

 MRD Monitoring Post-remission

There is no consensus regarding the clinically appropriate interval for MRD moni-
toring in patients who are in remission and no longer receiving therapy. Given the 
different rates of response to therapy and different relapse kinetics of various leuke-
mia subtypes, the schedule of MRD monitoring may vary significantly. In the 
German Multicenter ALL (GMALL) trial, the utility of MRD as an indicator of 
impending relapse was prospectively evaluated in 105 MRD-negative patients by 
RQ-PCR with a 3-month interval after consolidation [22]. Thirteen of 15 patients 
(89%) with MRD detected within the quantitative range of RQ-PCR subsequently 
relapsed after a median interval of 4.1 months, indicating that MRD positivity dur-
ing early phase of post-consolidation is predictive of subsequent hematologic 
relapse. Base on these data, molecular relapse defined as conversion to quantifiable 
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MRD by RQ-PCR led to salvage therapy prior to hematologic relapse in GMALL 
trial. As to the length of MRD monitoring, a follow-up of 12 months after the end of 
the first year of therapy with 3-month interval seems adequate to detect most of the 
patients who later relapsed. A recent study confirmed the previous findings by dem-
onstrating MRD positivity detected by flow cytometry at any time points after 
achieving CR was associated with a high risk of relapse in a series of 546 MRD-
negative ALL patients [134]. This study monitored MRD at the time of CR and at 
~3-month interval thereafter. MRD was detected in 55 patients with a median of 
14  months, and 44 of 55 patients (80%) subsequently developed hematologic 
relapse after a median of 3 months. These findings support the concept that MRD 
detected in CR can predict hematologic relapse, making post-remission MRD mon-
itoring necessary if pre-emptive intervention is planned.

 MRD as a Surrogate Endpoint for Outcomes

There is a clinical need to identify novel endpoints that facilitate the assessment of 
drug efficacy at early stages than those allowed by conventional endpoints. To be 
considered, alteration in surrogate endpoints must reflect changes in outcomes. 
Although MRD is strongly correlated with outcomes in ALL for drugs in current 
use [88] and available at an early time point, it cannot reflect the long-term thera-
peutic or toxic effects of drugs. Several studies have indicated MRD response does 
not reflect the effect of drugs on outcomes [135, 136]. For the first time, a meta-
analysis of individual data from two large phase 3 trials for childhood ALL [8, 135] 
was performed to formally evaluate whether MRD status at EOI frontline treatment 
is an accurate surrogate endpoint for EFS [137]. While the analysis confirmed the 
strong prognostic effect of early MRD response on EFS regardless of treatment, 
MRD at EOI was found to be a poor surrogate for treatment effect on EFS at the trial 
level. As MRD is commonly used for risk stratification in ALL, subsequent treat-
ment is modulated based on MRD itself and may attenuate potential surrogacy. The 
data suggests the limitation of a powerful prognostic factor in being a surrogate 
endpoint in the setting of frontline ALL treatment. Using MRD as a primary end-
point for accelerated approval of a novel drug would require demonstration of a 
direct linkage between a change in therapy based on MRD and traditional clinical 
endpoints, such as EFS and OS.

 Summary

MRD has emerged as a strong independent predictor of outcomes in pediatric and 
adult ALL. MRD monitoring provides an assessment of response to therapy that is 
more informative than that provided by morphologic evaluation. Novel techniques, 
such as HTS, have the potential to overcome the limitations of standard flow 
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cytometry and RQ-PCR-based methods, although reporting is not yet rapid enough 
for early clinical decision-making. MRD status post-therapy is crucial for risk 
assessment and for determining those patients that may benefit from therapeutic 
reduction or intensification to improve clinical outcome. However, the prognostic 
significance of MRD is dependent on the clinical scenario, leukemic biology, and 
timing of MRD testing. Disease and treatment-specific protocols should dictate the 
schedule of MRD monitoring, the optimal methods for MRD detection, and the 
cutoff value for MRD status, to ensure optimal risk stratification and personalized 
therapy. Integration of complex genetic information and MRD is likely to increas-
ingly drive personalized clinical protocols. Future prospective studies are ultimately 
needed to prove the efficacy of MRD-adapted treatment in randomized trials.
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Chapter 4
Treatment of Pediatric B- and T-Cell  
Acute Lymphoblastic Leukemia

Laura E. Hogan, Luke D. Maese, Keith J. August, and Jennifer L. McNeer

 Introduction/Epidemiology

Acute lymphoblastic leukemia (ALL) is the fourth most common leukemia after 
acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic 
myeloid leukemia (CML), with an estimated 64,200 new cases worldwide in 2017 
and 5930 new cases in the USA in 2019 [1, 2]. Half of the cases occur in children, 
making it the most common childhood cancer. There are 30 cases per million in 
those under the age of 20 in the USA, and approximately 3000 children are diag-
nosed annually [1, 3]. B-cell ALL (B-ALL) and T-cell ALL (T-ALL) are the pri-
mary immunophenotypes diagnosed in children, accounting for 85% and 15% of 
childhood ALL, respectively. B-ALL is more prevalent in Caucasian (35.6 cases per 
million) and Hispanic (40.9 per million) populations compared to black (14.8 per 
million) populations, and the peak age range at diagnosis is 2–5 years [4]. T-ALL on 
the other hand has a 1.7-fold higher incidence in black children compared to 
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Caucasian children on a series of Children’s Cancer Group (CCG) clinical trials 
[5–7]. The incidence of T-ALL also increases with age, with T-ALL comprising 
25% of ALL diagnoses in those ≥20 years of age [6–8]. Through careful disease 
characterization and risk stratification of patients, cure rates for both B-ALL and 
T-ALL have increased tremendously over the past several decades.

Currently over 90% of children diagnosed with ALL in the USA are ultimately 
cured of their disease [3, 9, 10]. Despite high cure rates, disease that is refractory to 
upfront therapy or that relapses after initial remission continues to be a significant 
challenge, as salvage rates for these children remain suboptimal. Often these chil-
dren require hematopoietic stem cell transplant (HSCT) for cure, which carries a 
high rate of treatment-related morbidity and mortality and a significant burden of 
late effects. In recent years there has been remarkable development of effective 
immunotherapies and other targeted treatments. These therapies carry the promise 
of continued improvement in outcomes, ideally with less toxicity, and are being 
incorporated into treatment regimens for newly diagnosed patients.

 Biology

 B-ALL

The field of cancer cytogenetics began with the identification of the Philadelphia 
chromosome in patients with CML and the subsequent discovery of the hallmark 
pathogenic translocation between chromosomes 9 and 22 encountered in this dis-
ease [11]. Since then, a number of such translocations have been described, with 
breakpoints characterized in increasingly fine detail. These translocations are now 
recognized as drivers of ALL development and, for B-ALL, are a component of the 
risk stratification used to guide treatment. The backbone of leukemia cytogenetic 
analysis remains G-banding to produce a cytogenetic karyotype, which identifies 
many of the relevant chromosome abnormalities in B-ALL [12]. Fluorescence in 
situ hybridization (FISH) and reverse transcription polymerase chain reaction 
(RT-PCR) complement karyotypic analysis as means to identify more cryptic aber-
rations [12].

Certain somatic chromosomal aberrations within leukemic blasts are considered 
favorable and are associated with improved outcomes (Table 4.1). Such changes 
include a translocation between chromosomes 12 and 21 [t(12;21)(p13;q22)]/ETV6- 
RUNX1, or high hyperdiploidy defined as a modal chromosome number of 51–65 
chromosomes, particularly if there are trisomies of chromosomes 4 and 10 [13, 14]. 
Other abnormalities such as t(9;22)(q34;q11.2)/BCR-ABL1/Philadelphia 
chromosome- positive (Ph+), hypodiploidy (modal chromosome number <44), 
intrachromosomal amplification of chromosome 21 (iAMP21), 11q23/KMT2A rear-
rangements, t(17;19)(q21-q22;p13), or the IGH translocations and CRLF2 rear-
rangements found in Philadelphia chromosome-like (Ph-like, see below) B-ALL 
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indicate higher risk disease and worse outcomes [12–20]. Also frequently present 
are changes that are considered of intermediate risk, such as t(1;19)(q23;p13.3)/TCF3-
PBX1 and trisomies of various other chromosomes [12, 21].

The prevalence of genomic lesions in B-ALL varies by age. For example, KMT2A 
rearrangements, in particular t(4;11)(q21;q23), are frequently observed in infant 
ALL and harbor a poor prognosis [22, 23]. On the other hand, more than half of 
children between the ages of 1 and 10 years are found to have favorable cytogenet-
ics, namely, t(12;21) or high hyperdiploidy [12, 14]. As the age at diagnosis 
increases, unfavorable cytogenetic findings become more prevalent. The incidence 
of Ph+ B-ALL increases in adolescents, as do aberrations such as IGH transloca-
tions and CRLF2 rearrangements that can be associated with Ph-like B-ALL [12, 
21]. Cytogenetic findings are incorporated into risk stratification strategies, along 
with features such as age and white blood cell count (WBC) at presentation, and 
disease response [24–27].

In addition to analysis of chromosomal changes in leukemic blasts, molecular 
findings are becoming increasingly important in disease categorization and treat-
ment allocation. The most clinically relevant discovery to date has been that of 
Ph-like B-ALL, first described in 2009. This subset of B-ALL has a gene expression 
profile similar to that of Ph+ B-ALL, but without the presence of a BCR-ABL 
fusion protein [28, 29]. In addition to IKZF1 deletions, which are also found in Ph+ 
B-ALL, Ph-like disease is characterized by various aberrations in cytokine receptor 
and tyrosine kinase pathways potentially targetable by tyrosine kinase inhibitors 
(TKIs) [30]. Patients with Ph-like B-ALL tend to fare worse than those without this 
gene signature, similar to the outcomes of Ph+ disease prior to the incorporation of 
TKIs into treatment regimens. Studies incorporating these targeted agents into treat-
ment regimens for Ph-like B-ALL are ongoing [30, 31].

Other works have led to the discovery of germline predictors of familial leuke-
mia risk as well as predisposition to unique drug metabolism or toxicity profiles. It 

Table 4.1 Cytogenetic abnormalities in B-ALL

Favorable Unfavorable
Intermediate but 
recurrent

t(12;21)(p13;q22);
ETV6-RUNX1

11q23 Rearrangements; KMT2A-R
   t(4;11)(q21;q23)

t(1;19)
(q23;p13.3);
TCF3-PBX1

High hyperdiploidy (51–65 
chromosomes)
   Double trisomy of 

chromosomes 4 and 10

Hypodiploidy (modal number <44 or DNA 
Index <0.81)

Other trisomies

iAMP21
t(9;22)(q34;q11.1); BCR-ABL

t(17;19)(q21-q22;p13.3)
IGH@ translocations and CRLF2 
rearrangements associated with Ph-like 
B-ALL
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is now well-established that low-hypodiploid B-ALL is nearly universally associ-
ated with mutations in the TP53 gene, half of which are germline [32, 33]. 
Hypodiploid B-ALL is a known manifestation of Li-Fraumeni syndrome (LFS), 
and all such patients should be referred for genetic counseling and germline TP53 
testing [34]. This knowledge also carries implications for treatment regimens, as the 
historical trend to recommend hematopoietic stem cell transplant (HSCT) in first 
remission (CR1) for these patients may unnecessarily put them at risk for second 
malignant neoplasms (SMN) if high doses of alkylators, topoisomerase inhibitors or 
radiation are included in conditioning regimens. Recent analyses indicate, however, 
that HSCT is not beneficial to these patients and innovative treatment approaches 
are required [35, 36].

The interrogation of genomic variants in ALL has expanded not only our under-
standing of disease biology but also that of host variants impacting susceptibility to 
ALL, disease response/outcomes, drug metabolism, and toxicity. Historically, apart 
from LFS, predisposition to ALL was associated with rare genetic syndromes 
including Bloom, Nijmegen breakage, Wiskott-Aldrich, and ataxia-telangiectasia. 
However, with the advent of improved germline genomic characterization, several 
new syndromes predisposing to ALL resulting from pathogenic mutations in ETV6 
and PAX5 have been identified with more surely to come [34]. In addition to these 
known pathogenic mutations, genomic studies now reveal additional risk loci that 
predispose to the development of ALL and may predict response to therapy [37]. 
Germline single-nucleotide polymorphisms (SNPs) have been identified that are 
predictive of the presence of minimal residual disease (MRD) during early therapy 
as well as relapse risk independent of MRD [38, 39]. SNPs have also been found to 
be predictive of antileukemic drug pharmacokinetics, which likely play a role in 
disease response and drug toxicity [37, 38, 40]. Only a small number of these SNPs 
are currently utilized to guide antileukemic drug dosing, namely, variants of TPMT 
and NUDT15, which encode thiopurine S-methyltransferase and nucleotide triphos-
phate diphosphatase, respectively. Patients with variants in these genes are more 
susceptible to the myelosuppressive effects of mercaptopurine, especially if those 
variants are homozygous, and dose modifications for mercaptopurine are built into 
current leukemia protocols [41–45].

 T-ALL

Similar to B-ALL, cytogenetic analysis has provided insight into the pathogenicity 
of chromosomal translocations and rearrangements in T-ALL [46], but a signifi-
cantly better understanding of T-ALL biology has evolved with the advent of molec-
ular diagnostics. Gene expression profiling has led to the identification of aberrantly 
expressed transcription factor oncogenes, and more recently, genome- and 
transcriptome- wide sequencing have provided a more comprehensive understand-
ing of T-ALL pathogenesis [47, 48].
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As our understanding of the biology of T-ALL has expanded, several themes 
have emerged. First, the array of genetic alterations is widely diverse with over 100 
driver gene mutations, and individual cases of T-ALL frequently contain greater 
than ten biologically relevant genomic lesions [47, 49, 50]. Second, although altera-
tions are diverse, they can be grouped into several common categories. Chromosomal 
translocations, most commonly involving the T-cell receptor (TCR) on chromo-
somes 7 and 14 and several proto-oncogenes, define a large subgroup. This group is 
further classified according to partner proto-oncogenes and dysregulated gene 
expression patterns that further delineate T-ALL subtypes. The most common sub-
types according to these characterizations are TAL1 (30–35%), TLX3 (20–25%), 
HOXA (5–15%), TLX1 (5–10%), LMO2/LYL1 (5–10%), NKX2-1 (14%), LMO1/2 
(3–10%), TAL2 (1–3%) [47, 51].

T-ALL can also be sub-classified according to the affected biologic mechanism. 
Transcriptional regulation with mutations identified in over 20 genes, primarily in 
the genes listed above, is impacted in over 90% of cases [47, 49]. Cell cycle pro-
gression and tumor suppressor pathways are altered in over 80% of cases with 
CDKN2A/B (70–80%) being most commonly mutated [47, 51]. Within the context 
of T-ALL, the NOTCH signaling pathway plays an important role in promoting 
T-cell lineage commitment, cell growth, and proliferation. This pathway is altered 
in nearly 80% of cases, with NOTCH1 (60–70%) and FBXW7 (10–30%) being the 
most commonly mutated genes [47, 52]. Epigenetic lesions are also prevalent, 
occurring in nearly 70% of cases [47, 49]. Genes involved in DNA methylation 
(DNMT3A), histone methylation (EED, EZH2, KMD6A, SUZ12), histone acetyla-
tion (PHF6), and ubiquitination (USP7) have all been found mutated in cases of 
T-ALL [53, 54]. Other oncogenic signaling pathways such as PI3K-AKT, JAK- 
STAT, and Ras-MAPK are also implicated in T-ALL pathogenesis with at least one 
of these affected in up to 70% of patients [47]. Although these pathways are unique, 
aberrant interleukin-7 (IL-7) signaling is a driver of all three [49]. Gene mutations 
involving these pathways lead to dysregulated kinase signaling and proliferation 
of T-ALL.

While the biologic understanding of T-ALL has expanded exponentially in the 
past decade, this has not translated into significant modifications of risk classifica-
tion. Unlike in B-ALL, in which biologic characterizations have been converted into 
clearly defined risk categories, T-ALL subtypes as defined above are not indepen-
dently associated with outcome [55]. Identified aberrant signaling pathways provide 
insight into potential future treatment with targeted agents; however evidence that 
these mutations significantly impact survival is limited. The presence of NOTCH1 
and/or FBXW7 mutations has been correlated with nominal improvements in out-
comes [56]. Biallelic TCRγ deletions were initially found to be associated with a 
poor response to induction chemotherapy and inferior outcomes in a small group of 
patients; however a recent investigation of this aberration in a larger cohort con-
firmed the slow response to chemotherapy, but this did not translate into significant 
survival differences [57, 58].
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 Prognostic Factors

At the time of diagnosis and over the course of early phases of treatment, patient and 
disease characteristics are utilized to risk-stratify patients and tailor therapy accord-
ingly. Patient age and WBC at diagnosis have been long-standing features incorpo-
rated into risk stratification algorithms for patients with B-ALL. Infants with ALL 
have very aggressive disease, are treated according to protocols specific for this age 
group, and are reviewed in a separate chapter in this book. For non- infant children, 
age ≥10 years and/or WBC ≥50,000/μL indicate higher-risk disease according to 
National Cancer Institute (NCI) risk classification guidelines [24]. These features 
maintain significance on multivariate analyses that incorporate biology and disease 
response into models predictive of outcomes [24, 26, 27]. In T-ALL, age and WBC 
at diagnosis are not so clearly prognostic in children, as many pediatric cooperative 
groups have demonstrated a lack of strong association of outcomes with these fea-
tures [59–61]. In contrast, a large adult cooperative group study showed an associa-
tion between traditional prognostic factors including elevated WBC count 
(>100,000/μL) and age (>35 years old) and inferior outcomes [62]. Historically, 
T-ALL was considered a more aggressive disease, with inferior outcomes compared 
to B-ALL. However, with intense Berlin-Frankfurt-Münster (BFM)-based therapy 
for all T-ALL patients, regardless of presenting features, current outcomes have 
become quite similar to those of patients with B-ALL [63, 64].

As described above, chromosomal aberrations within B-ALL blasts can be cat-
egorized as favorable, unfavorable, or intermediate, with therapy adjusted accord-
ingly. Patients with favorable genetics and good disease response have excellent 
outcomes with current BFM-based therapy, even for those patients considered NCI 
high risk at diagnosis [65–67]. Unfavorable genetic findings, however, are an indi-
cation to intensify therapy, and historically certain genetic subgroups have under-
gone HSCT in CR1, even if they had a good response to initial therapy. Over time 
the use of HSCT in CR1 has decreased, with current practice utilizing disease 
response as a better indicator of those patients who require this level of intensifica-
tion [68]. Therapy is not currently risk-adjusted based on cytogenetic or genomic 
findings in T-ALL.

Finally, regardless of immunophenotype, minimal residual disease (MRD) 
assessment at early time points is the most significant predictor of outcome [25–27]. 
This is particularly true in T-ALL due to the lack of other informative prognostic 
factors [69]. Patients with B-ALL and MRD that persists at a level of ≥0.01% after 
consolidation therapy (~12 weeks of treatment) fare poorly (5-year disease-free sur-
vival (DFS) 39 ± 7%), and this is generally an indication to intensify therapy, often 
with HSCT in CR1 [26], though clinical trials are currently underway to determine 
whether chimeric antigen receptor T-cell receptor therapy (CAR-T therapy) may 
afford at least similar outcomes (NCT03876769). While flow cytometry and poly-
merase chain reaction (PCR) are the most common methods to assess MRD, more 
sensitive methodologies, such as high-throughput sequencing, are now being 
explored as a means to detect lower levels of MRD in patients who have no disease 
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detectable by current standard approaches [70]. The role of this more sensitive assay 
in risk stratification algorithms is currently being investigated.

The kinetics of disease response to therapy in T-ALL differ from that of B-ALL, 
as slower blast clearance is much more common in the former. In the AIEOP-BFM 
ALL 2000 trial, bone marrow MRD measured by PCR at day 78 was highly prog-
nostic, with T-ALL patients who did not achieve an MRD level of <0.1% having a 
7-year event free survival (EFS) of 49.8% (SE 5.1%) compared to 80.6% (SE 2.3%) 
for those patients who were positive at the end of induction (day 33) but <0.1% by 
day 78 [61]. This slow clearance is principally evident in early T-cell precursor 
(ETP) ALL where end-induction MRD by flow cytometry is >0.01% in over 80% of 
patients [71, 72]. Until recently, ETP-ALL was thought to portend a worse outcome 
compared to other T-ALL; however it has now been shown that contemporary treat-
ment regimens abrogate this risk [72]. For those patients with ETP-ALL, the same 
time point of day 78 is useful for prognosis, as those with MRD ≥0.1% at day 78 
had a 5-year EFS of 46.9% (SE 8.8%), while those that had detectable MRD at 
either day 33 or 78, but at a level <0.1% by day 78, had a 5-year EFS of 65.6% (SE 
5.9%) on the AIEOP-BFM-ALL 2000 study [61].

In the future, T-ALL will likely be risk stratified by combining response to ther-
apy (MRD assessment) with mutational analysis. In the FRALLE2000T study, 
patients were identified as genetically low risk if they had mutations in NOTCH1 or 
FBXW7 with wild-type RAS and PTEN and genetically high risk if mutations were 
found in RAS or PTEN [73]. Genetically low-risk patients had a cumulative inci-
dence of relapse (CIR) of 11% compared to 36% in the high-risk group. Importantly, 
this result was independent of MRD measured at day 35. A risk stratification strat-
egy using this genetic algorithm combined with MRD results and initial WBC was 
extremely successful at identifying a low-risk population of children with T-ALL 
who had a 5-year CIR of only 1.7%.

 Disease Management and Treatment Strategy

This section will be limited to a general description of therapeutic approaches and 
rationale for patients with B-ALL and T-ALL. Please see the relevant chapters for 
discussion of particular groups such as Ph+ and Ph-like B-ALL, as well as prophy-
laxis and control of central nervous system (CNS) disease and the treatment of ALL 
in infants.

The treatment of ALL occurs in sequential blocks, or phases of therapy (Fig. 4.1). 
Most cooperative groups utilize an approach pioneered by the BFM study group 
[74], beginning with a remission induction phase (referred to as “protocol IA” in 
Europe), followed by consolidation therapy/protocol IB. Induction therapy varies 
slightly across cooperative group and consortium protocols but generally includes 
vincristine, a corticosteroid, asparaginase, and, depending on the treating group and 
risk designation, an anthracycline. BFM-based consolidation therapy consists of 
cyclophosphamide, cytarabine, and 6-mercaptopurine, with the Children’s Oncology 
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Group (COG) also including vincristine and asparaginase during periods of myelo-
suppression (“augmented” BFM, aBFM). The COG uses a less intense consolida-
tion for patients with standard-risk B-ALL, which consists largely of oral 
mercaptopurine and intrathecal chemotherapy.

The use of glucocorticoids varies across treatment protocols, with both dexa-
methasone and prednisone used to treat ALL (Table 4.2). Dexamethasone has higher 
potency and increased CNS penetration but is also associated with increases in tox-
icity, specifically a higher infection rate, and an increased incidence of osteonecro-
sis. Therefore the increased efficacy must be balanced with the potential for more 
side and late effects. In the AIEOP-BFM-ALL 2000 trial, children with ALL were 
randomized to receive either prednisone or dexamethasone as the induction steroid 
following a 7-day prednisone pre-phase. Pediatric patients randomized to the 

Induction/Protocol IA
(4 weeks)

Consolidation/Protocol IB
(4-8 weeks)

Interim Maintenance/Protocol M
(8 weeks)

Delayed Intensification/Reinduction-
Reconsolidation

(8 weeks)

+/- Interim Maintenance II
(8 weeks)

Maintenance
(2-3 years)

Fig. 4.1 Treatment phases 
for acute lymphoblastic 
leukemia
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Table 4.2 Studies for newly diagnosed patients

Study question Study
Patient 
populationa Significant findings

Dexamethasone 
versus
prednisone

AIEOP-BFM ALL 
2000 [75]

B- and T-ALL
(1–18 years)

Relapse risk
DEX 13.7%
PRED 21.3%

T-ALL overall 
survival
DEX 80.8%
PRED 76.2%

UKALL97/99 [76] B- and T-ALL
(1–18 years)

5-year CNS relapse rate
DEX-based induction 2.5%
PRED-based induction 5%

AALL0232 [78] B-ALL
(1–9 years)

5-year EFS

DH 91.2%
PH 80.8%

DC 83.2%
PC 82.1%

Capizzi-MTX
versus
HD-MTX

AALL0232 [78] B-ALL
(>1 and 
<31 years)

5-year EFS
HD-MTX 
79.6%
C-MTX 75.2%

5-year OS
HD-MTX 
88.9%
C-MTX 
86.1%

AALL0434 [64] T-ALL
(>1 and 
<31 years)

5-year DFS
HD-MTX 
85.3%
C-MTX 91.5%

5-year OS
HD-MTX 
89.4%
C-MTX 
93.7%

Omission of
CNS radiation

EORTC-CLG 
58951 [80]

B- and T-ALL
(<18 years)

Isolated T-ALL CNS relapse 
rate 5.3%
Total T-ALL relapse rate 
involving CNS 8.5%

SJCRH Total 
Therapy XV [81]

B- and T-ALL
(≥1 and 
≤18 years)

Isolated CNS relapse rate 8.1%

UKALL 2003 [82] B- and T-ALL
(1–24 years)

CNS relapse rate 3.5%

Addition of
nelarabine
to chemotherapy

AALL0434 [63] T-ALL
(>1 and 
<31 years)

4-year DFS
Nelarabine 88.9%
No nelarabine 83.3%

Pediatric-inspired 
therapy
for AYAs with ALL

C10403 [90] B- and T-ALL 
(16–39 years)

3-year EFS 59%
3-year OS 73%

DFCI 01-175 [91] B- and T-ALL 
(18–50 years)

4-year DFS 69% (of those 
reaching CR)
4-year OS 67% (all patients)

DEX dexamethasone, PRED prednisone, C-MTX Capizzi-methotrexate, HD-MTX high-dose 
methotrexate, DH DEX with HD-MTX, DC DEX with C-MTX, PH PRED with HD-MTX, PC 
PRED with C-MTX, CNS central nervous system, EFS event-free survival, DFS disease-free sur-
vival, OS overall survival, AYA adolescent and young adult, CR complete remission
aPopulation relative to this chapter and table, which may be a subset of all eligible patients
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dexamethasone arm had a decreased risk of relapse compared to prednisone (13.7% 
vs. 21.3%, p = 0.024) that did not translate into an overall survival benefit due to 
increases in toxicity [75]. Notably, patients with T-ALL who demonstrated a good 
prednisone response defined as peripheral blood absolute blast count <1000 after 
7 days had the largest survival benefit with an overall survival of 91.4% for dexa-
methasone compared to 82.6% with prednisone. The benefit of dexamethasone in 
preventing CNS relapses was demonstrated in the UKALL97/99 trials. The admin-
istration of dexamethasone rather than prednisone during induction therapy reduced 
the rate of CNS relapse in children with both B- and T-ALL from 5% at 5 years to 
2.5% [76]. These studies support the notion that for T-ALL, dexamethasone is the 
superior steroid. For patients with B-ALL on the other hand, the superiority of dexa-
methasone is not so clear [77], and the choice of corticosteroid in various phases of 
therapy is, to some extent, guided by patient age. The COG study AALL0232 was 
designed to compare dexamethasone versus prednisone in induction therapy for 
patients with high-risk (HR) B-ALL, but the randomization was halted in patients 
≥10 years of age due to excessive rates of osteonecrosis. While dexamethasone was 
superior in young patients, it did not confer greater efficacy in adolescents [78]. 
Taken together, these data highlight the complexity of steroid choices which are 
guided by age, leukemia immunophenotype, and cooperative group preference.

The initial intense phases of therapy are followed by interim maintenance (IM)/
protocol M, which consists largely of intravenous methotrexate (MTX) given in 
escalating low doses without leucovorin rescue (Esc-MTX) with or without two 
doses of pegylated-asparaginase (PEG) known as Capizzi-style methotrexate 
(C-MTX) or in intermediate/high doses with leucovorin rescue (HD-MTX). 
Vincristine is administered as well during this phase, as is mercaptopurine in high- 
risk protocols that utilize HD-MTX. In the USA, patients with NCI standard-risk 
(SR) B-ALL without adverse features treated according to COG protocols do not 
receive HD-MTX during interim maintenance, as clear survival benefits have not 
been demonstrated in this group [66]. On the other hand, patients with NCI HR 
B-ALL do benefit from treatment with HD-MTX in IM, including patients with 
NCI SR B-ALL with adverse biologic features or slow disease response (Table 4.2). 
On COG study AALL0232, which randomized NCI HR patients to HD-MTX ver-
sus C-MTX, 5-year EFS was 79.6 ± 1.6% vs 75.2 ± 1.7% (p = 0.008), and 5-year 
OS was 88.9 ± 1.2% vs. 86.1 ± 1.4% (p = 0.025) [78].

In a similar comparison for patients with T-ALL, COG study AALL0434 evalu-
ated the optimal delivery of MTX during IM (Table 4.2). Notably this trial enrolled 
a total of 1562 patients, making it the largest study ever conducted in pediatric 
T-ALL to date [64]. Enrolled patients were allocated to receive either five doses of 
C-MTX with vincristine or four doses of HD-MTX (5 g/m2/dose) along with vin-
cristine and mercaptopurine during the IM phase. The 5-year DFS and OS for the 
patients randomized to the C-MTX arm were 91.5 ± 3.3% and 93.7 ± 2.9%, which 
were superior to outcomes on the HD-MTX arm: 85.3 ± 4.2% and 89.4 ± 3.8%, 
respectively (P = 0.005 for DFS and P = 0.04 for OS). Notably, CNS relapses were 
more frequent in the patients on the HD-MTX arm with 23 total relapses compared 
to only 6 on the C-MTX arm. It is important to note that patients on the HD-MTX 
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arm received cranial radiation at a later time point in therapy compared to those on 
the C-MTX arm and it is unclear whether this difference in timing impacted CNS 
relapse rates.

Subsequently, there is another phase of intense therapy (delayed intensification), 
composed of reinduction and reconsolidation phases, with substitutions of chemo-
therapeutics within drug classes to address drug resistance that may be arising, such 
as 6-thioguanine for 6-mercaptopurine and doxorubicin for daunorubicin. Some 
protocols include a second IM phase using Esc-MTX or C-MTX. Debate continues 
regarding the benefits of this second IM phase. All protocols call for a prolonged 
maintenance phase consisting largely of oral antimetabolite therapy.

 CNS Therapy

Dedicated treatment of the CNS with intensive intrathecal chemotherapy begins 
during induction and continues throughout therapy. Patients with overt CNS disease 
at diagnosis are often treated with cranial irradiation, although the current trend has 
been to decrease significantly, or even omit, radiation therapy for as many patients 
as possible. CNS therapy is especially important for patients with T-ALL who expe-
rience a higher rate of CNS relapse compared to their counterparts with B-ALL. To 
compensate for this increased risk, many treatment protocols attempt to intensify 
CNS-directed therapy in T-ALL, with strategies that are heterogenous and widely 
varied across protocols. A meta-analysis of 78 studies found no difference in event- 
free survival using four CNS radiation strategies in children with T-ALL: CNS 
radiation for everyone, risk-directed CNS radiation, CNS radiation only for patients 
with evidence of CNS involvement of their leukemia (CNS positive patients), and 
no CNS radiation for all patients [79]. In the EORTC-CLG 58951 study, CNS radia-
tion was omitted for 296 children with T-ALL, with an isolated CNS relapse rate of 
5.3% and a total rate of 8.5% for all relapses involving the CNS [80]. The St. Jude 
Children’s Research Hospital Total Therapy XV study also treated 76 children with 
T-ALL without any CNS radiation with an isolated CNS relapse rate of 8.1% [81]. 
The UKALL 2003 study treated 388 children with T-ALL without cranial radiation, 
and the CNS relapse rate was only 3.5% [82]. Knowing that younger patients are at 
high risk for long-term complications associated with CNS radiation such as neuro-
cognitive impairment, secondary malignancies, and endocrinopathies, limiting cra-
nial radiation to as few children as possible is critical. Methods of intensifying CNS 
treatment without cranial radiation in children with T-ALL include optimizing 
intrathecal therapy with the use of additional intrathecal treatments or triple intra-
thecal chemotherapy, using dexamethasone as the preferred corticosteroid, and 
intensifying asparaginase therapy. More recently, the benefit of nelarabine has been 
demonstrated for patients with T-ALL, especially for control of CNS disease 
(Table 4.2) [63]. Nelarabine is a purine nucleoside analog prodrug of ara-G that 
selectively incorporates into the DNA of T cells leading to the inhibition of DNA 
synthesis and can be considered targeted therapy for T-cell disease. In addition to 
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the methotrexate randomization described above, COG AALL0434 randomized 
patients to receive or not receive six 5-day courses of nelarabine incorporated into a 
BFM-based chemotherapy backbone. The 4-year DFS for patients randomized to 
nelarabine was 88.9% ± 2.2% compared to 83.3% ± 2.5% for those who did not 
receive nelarabine (p = 0.0332). In particular, nelarabine significantly decreased the 
rate of CNS relapses, without significant increases in neurotoxicity compared to 
standard chemotherapy.

 Adolescents and Young Adults

While treatment of certain patient groups is discussed in different chapters of this 
book, treatment of adolescents and young adults (AYAs) with ALL will be com-
mented on briefly here. A number of retrospective studies have demonstrated 
improved outcomes for AYAs when treated using pediatric-inspired protocols, 
rather than adult protocols [83–89]. This finding led to several prospective studies 
applying pediatric-inspired therapy to young adults (Table  4.2). The Cancer and 
Acute Leukemia Group B 10403 study (C10403), conducted from 2007 to 2012, 
treated patients between the ages of 16–39 years with the superior arm of the most 
recent COG study for B-ALL (COG AALL0232). The 3-year EFS was 59% (95% 
CI 54–65%) and overall survival (OS) 73% (95% CI 68–78%), significantly better 
than historical controls (3-year OS 55%) [90]. Similarly, Dana-Farber Cancer 
Institute (DFCI) used a pediatric regimen for the treatment of patients 18–50 years 
of age, with a 4-year disease-free survival (DFS) of 69% (95% CI 56–78%) for 
those patients achieving complete remission (CR, 78 of 92 patients). Of all eligible 
patients, the 4-year OS was 67% (95% CI 56–76%), significantly better than the 
historical survival rates of <50% [91]. Studies such as these have confirmed the 
improved outcomes for AYAs with ALL when treated using a pediatric approach, 
but outcomes for AYAs are still worse than those of their pediatric counterparts. The 
cause of this difference in outcome is likely multifactorial, with treatment setting, 
disease biology, compliance with chemotherapy regimens, and increased toxicity 
rates all notable contributing factors. T-ALL is more common in the AYA popula-
tion and has until recently portended a worse prognosis. Cytogenetic abnormalities 
in B-ALL shift toward more unfavorable profiles at older ages, with a lower inci-
dence of t(12;21)/ETV6-RUNX1 fusion or hyperdiploidy, but more frequent 
iAMP21 or t(9;22)/BCR-ABL fusion [14, 92]. Finally, Ph-like disease reaches a 
peak in the AYA age group, conferring worse outcomes [28–30, 93].

Treatment setting likely plays a role in outcomes, as AYAs seek care both in 
pediatric and adult settings. Importantly, pediatric settings tend to have a broader 
array of psychosocial services for patients, and these services are particularly 
important for AYAs [94]. This type of support likely contributes to improved adher-
ence with chemotherapy regimens, which is greatly important given that adherence 
to the oral chemotherapy that comprises the bulk of the prolonged maintenance 
phase of therapy has been demonstrated to contribute significantly to patient 
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outcomes. Non-adherence (taking <90% of prescribed maintenance antimetabolite 
therapy) is associated with a significantly increased relapse risk (HR = 3.9, p = 0.01) 
[95, 96]. Factors that adversely impact adherence include level of education and 
presence of a parent or other caregiver to supervise medication administration, both 
of which can be surmised to affect the AYA population. While no adherence studies 
specific to the AYA ALL population have been conducted to date, the Alliance for 
Clinical Trials A041501 study (NCT03150693) has an embedded adherence objec-
tive, evaluating adherence to oral maintenance chemotherapy in an AYA ALL popu-
lation. Overall, familiarity with the intricacies of the disease and psychosocial needs 
of AYAs with ALL is important, as outcomes are worse for patients treated at non- 
specialized cancer centers when compared to patients treated at NCI-designated 
Comprehensive Cancer Centers or COG sites (15–21 years, HR = 1.9, p = 0.005; 
22–29 years, HR = 2.6, p < 0.001; 30–39 years, HR = 3.0, p < 0.001) [97].

 Recurrent Disease

Despite remarkable survival improvements in newly diagnosed children with 
B-ALL, treatment of the 10–15% of patients who experience relapse after initial 
therapy remains a challenge [3, 98, 99]. While SR B-ALL patients have excellent 
5-year EFS rates, approximately twice as many children are diagnosed with SR 
B-ALL as compared to HR B-ALL. Thus, children with SR B-ALL still account for 
approximately half of B-ALL relapses [100]. Most children with relapsed B-ALL 
will not be cured, and this remains a leading cause of death in young people, with a 
5-year OS of approximately 35–50% following relapse [99–105].

The most important predictors of outcome after B-ALL relapse are length of 
initial remission, site of relapse, and disease clearance upon reinduction therapy 
[101–103, 106–110]. These factors are used to stratify patients into high-risk (HR), 
intermediate-risk (IR), and low-risk (LR) relapses. Patients who relapse early 
(<36  months from diagnosis) in the bone marrow have dismal outcomes that 
approach 15% long-term survival, while those who relapse late (>36 months from 
diagnosis) have approximately a 40–70% rate of salvage [104, 111–114]. The best 
outcomes occur in patients with late (>18 months from diagnosis) extramedullary 
relapses, in whom survival rates approach 80% [100, 115, 116]. The importance of 
end of reinduction MRD has also been demonstrated in the relapse population, with 
those patients positive for MRD at this time point having inferior outcomes com-
pared to patients with no residual disease [108, 109, 114, 117, 118]. This is espe-
cially true for those patients with late bone marrow (>36 months from diagnosis) or 
extramedullary (>18 months from diagnosis) relapses [114, 117].

Current approaches to relapsed ALL share many similarities to frontline therapy. 
All patients, regardless of relapse site, require systemic chemotherapy for reinduc-
tion using many of the same drugs as for newly diagnosed patients, although gener-
ally at increased intensity. For those patients considered to have HR or IR relapses, 
post-reinduction chemotherapy or immunotherapy followed by HSCT is considered 
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the best chance for cure [100, 119]. Even with this approach, outcomes in patients 
that have an early marrow relapse and remain MRD positive at the end of reinduc-
tion are dismal, with EFS rates of 3–10%, though subsequent clearance of MRD is 
significantly better when immunotherapy is utilized following reinduction chemo-
therapy [119, 120]. The longer-term impact of this on EFS remains to be seen. 
Better outcomes are observed with later relapses, especially if MRD is negative at 
the end of reinduction. Long-term survival rates for patients with late marrow 
relapses who are MRD negative at the end of reinduction approach 90% [114]. 
Patients with late isolated extramedullary relapses who are MRD negative at the end 
of reinduction also have good outcomes [116, 121]. The majority of these patients 
with so-called LR relapses can be cured with chemotherapy alone and therefore are 
not allocated to HSCT in second remission. Outcomes after second or greater 
relapse, however, are even worse, with 2-year EFS ranging from 10% to 40% for 
second to eighth salvage therapy [122, 123].

Children with T-ALL that is refractory to treatment or who experience a relapse 
after achieving remission have exceptionally poor outcomes, and despite aggressive 
regimens, post-reinduction CR rates have been exceedingly low for children with 
T-ALL. For example, only two out of seven patients with T-ALL achieved a CR 
after induction on the COG study AALL01P2  in which the reinduction regimen 
included an intensification of PEG and a substitution of idarubicin as the anthracy-
cline until excess toxicity rates led to a return to doxorubicin [117]. The addition of 
bortezomib to an intensive reinduction platform on COG study AALL07P1 
improved the CR rate to 68% ± 10% in 22 patients with T-ALL (Table 4.3) [120]. 
Prior to the successful integration of nelarabine into upfront T-ALL therapy, nelara-
bine was evaluated in a number of clinical trials for patients with relapsed T-ALL. A 
COG phase II study of nelarabine in children with first or greater T-cell relapse 
demonstrated an overall response rate (ORR) of 55% (95% CI 38–72%) for those 
patients with first relapse and 27% (95% CI 11–43%) for those with second relapse 
(Table 4.3) [124]. A phase IV observational study reported a similar ORR of 39.3% 
using nelarabine as a single agent [125]. As nelarabine was well tolerated by the 
majority of children with relapsed T-ALL and induced remission as a single agent, 
it has also been studied in combination with other conventional chemotherapy 
agents. A Therapeutic Advances in Childhood Leukemia (TACL) treatment regimen 
using nelarabine combined with cyclophosphamide and etoposide reported a CR in 
four of nine patients with relapsed/refractory T-ALL treated (44%) at varying dose 
levels (Table 4.3) [126].

For children with T-ALL that achieve a second CR with reinduction therapy, 
HSCT is considered to be the only curative treatment, though long-term survival 
rates remain poor. A review of the Center for International Blood and Marrow 
Transplant Research database identified 229 children with T-ALL who underwent 
HSCT in second remission. Allogeneic HSCT following a myeloablative condition-
ing regimen led to a 3-year OS rate of 48% (95% CI 41–55%) [127]. Treatment 
failures were primarily due to relapse in 30% (95% CI 24–37%) of the patients, with 
an additional 24% (95% CI 18–30%) experiencing treatment-related mortality by 
3 years.
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 Novel Therapies

 B-ALL

Several novel therapies have shown great promise in R/R B-ALL. Blinatumomab 
is a bispecific T-cell engager targeting CD19 that has shown to be highly effective 
in the treatment of R/R B-cell malignancies. In 2016, the US Food and Drug 
Administration (FDA) approved blinatumomab for children with R/R B-ALL. In 
2018, the FDA expanded the approval to treat persistent MRD as well. In a phase 
2 study of pediatric patients, 39% of R/R patients achieved CR with single-agent 
blinatumomab within the first two cycles (Table 4.3) [128]. Of those in remis-
sion, 52% were also MRD negative. The COG recently completed a randomized 
phase 3 study of blinatumomab plus chemotherapy in first relapse of B-ALL 
(Table 4.3) [119]. The HR/IR randomization was closed early by the Data and 
Safety Monitoring Committee after finding that the experimental arm (arm B) 
receiving two blocks of post-induction blinatumomab in place of chemotherapy 
blocks had improved DFS, superior OS, lower toxicity, and superior MRD clear-
ance compared to patients treated with chemotherapy alone (arm A). The 2-year 
DFS and OS were 41.0%  ±  6% and 59.2%  ±  6% for arm A compared to 
59.3% ± 5.4% and 79.4% ± 4.5% for arm B (p = 0.05 for DFS, p = 0.005 for OS). 
Among patients with detectable MRD (≥0.01%) at the completion of block 1 
chemotherapy, the proportion that achieved undetectable MRD (<0.01%) after 
chemotherapy block 2 (arm A) compared to blinatumomab cycle 1 (arm B) was 
29% vs. 76%.

Inotuzumab ozogamicin (InO) is an antibody-drug conjugate (ADC) com-
posed of a humanized IgG monoclonal CD22-targeted antibody linked to cali-
cheamicin, an antitumor antibiotic. In a randomized phase 3 trial of adults with 
relapsed CD22+ ALL, patients were randomized to receive single-agent InO or 
standard chemotherapy, and InO was found to be superior to chemotherapy, with 
a CR rate for InO of 80.7% (95% CI 72.1–87.7%) compared to 33.3% (95% CI 
24.0–43.7%) for the chemotherapy group (p < 0.001, Table 4.3) [129]. Additionally, 
78.4% (95% CI 68.4–86.5%) of patients were in an MRD-negative CR/complete 
response with incomplete hematologic recovery (CRi) with InO, compared with 
only 28.1% (95% CI 13.7–46.7%) in the chemotherapy group (p  <  0.001). In 
2017, the FDA approved InO for adults with R/R B-ALL.  In a retrospective 
review of 51 heavily pretreated children with R/R ALL that received InO, 67% 
achieved CR/CRi and 71% of those in remission achieved an MRD negative sta-
tus [130]. More recently the COG conducted a phase 2 trial of single-agent InO in 
48 children and young adults with B-ALL in second relapse or first relapse refrac-
tory to initial reinduction therapy (Table 4.3) [131]. The CR/CRi rate after one 
cycle in this heavily pretreated population was 58.3% (95% CI 43.2–72.4%), with 
65.5% of these patients MRD negative. In all of these studies, InO was safe and 
well tolerated. The most concerning toxicity is sinusoidal obstruction syndrome 
(SOS), which appears to be most associated with HSCT after InO therapy 
[130, 131].
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Chimeric antigen receptors (CARs) are molecules that combine an antigen 
receptor with one or more intracellular T-cell signaling domains. Using gene trans-
fer, CARs can be integrated into the genome of T cells, redirecting them to target 
specific tumor antigens. Briefly, a patient’s T cells are collected via leukapheresis 
and transduced with a viral construct coding for a CAR. The transduced T cells are 
then infused into the patient. The most studied CARs in ALL target the CD19 anti-
gen on B cells, resulting in remission rates of 67–93% in adult and pediatric patients 
with heavily pretreated R/R ALL [132–137]. Thirty patients were treated on a phase 
1–2a study of CTL019 (now known as tisagenlecleucel) conducted at Children’s 
Hospital of Philadelphia and achieved a CR rate of 90% in R/R B-ALL (Table 4.3). 
In a separate phase 2, multicenter study of tisagenlecleucel in 75 pediatric and 
young adults with R/R B-ALL, 81% (95% CI 71–89%) of patients achieved remis-
sion, with MRD negativity in all responding patients. At 12 months, the EFS was 
50% (95% CI 35–64%, Table 4.3) [132, 133]. Tisagenlecleucel was approved by the 
FDA in August 2017 for pediatric and young adults with refractory B-ALL or 
B-ALL in second or greater relapse.

CAR-T cell therapy is associated with potentially life-threatening cytokine 
release syndrome (CRS) and neurologic toxicity. These complications are consis-
tent across various CAR-T cell products and result from the activation and expan-
sion of CAR-T cells in vivo [132–138]. Severe CRS may require treatment with 
tocilizumab, a monoclonal antibody against the interleukin-6 (IL-6) receptor, or the 
use of steroids [139, 140]. Neurologic events include encephalopathy, delirium, 
focal deficits, word finding difficulties, and seizures. The neurologic toxicities tend 
to be self-limited but are worse in patients with a high disease burden and more 
severe CRS [140, 141].

 T-ALL

Bortezomib is a first-generation proteasome inhibitor that is biologically active in 
T-ALL and selectively inhibits the 26S proteasome [142]. Treatment with bortezo-
mib results in the inhibition of the degradation of proteins involved in cell cycle 
regulation, transcription factor activation, and apoptosis [143]. Bortezomib sensi-
tizes malignant cells to the effects of chemotherapy and may help to overcome 
resistance to chemotherapy, particularly to glucocorticoids [144]. As discussed ear-
lier, in a phase 2 study conducted by COG for children with ALL in first relapse, the 
addition of bortezomib to standard reinduction chemotherapy led to an encouraging 
CR rate of 68% ± 10% in children with T-ALL [120]. Bortezomib combined with 
chemotherapy had been under investigation for children and adolescents with newly 
diagnosed T-ALL by COG (AALL1231, NCT02112916), but the study was closed 
prematurely after release of results from the prior COG study (AALL0434) that 
demonstrated the impact of nelarabine on outcomes for T-ALL [63].

Daratumumab is a monoclonal antibody targeting CD38 that is approved for 
adult patients with multiple myeloma and has led to promising preclinical responses 
in T-ALL xenografts [145]. In 21 children with T-ALL, CD38 was readily expressed 
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with high levels of expression persisting during continued treatment with chemo-
therapy [145]. Daratumumab combined with chemotherapy is currently being eval-
uated in early phase trials in children and adolescents with recurrent T-ALL 
(NCT03384654).

Gamma secretase inhibitors (GSIs) are a promising potential new therapy for 
children with T-ALL as well. GSIs target NOTCH1 activation in T-ALL by reducing 
levels of intracellular NOTCH1 and downregulating target genes [146]. Activation 
of the NOTCH1 pathway is the most commonly identified recurrent genetic aberra-
tion identified in pediatric T-ALL and is found in 56% of cases [147]. GSIs also can 
reverse corticosteroid resistance, which is commonly identified in relapsed T-ALL 
samples [148, 149]. GSIs remain in clinical trials due to unacceptable toxicity, pri-
marily gastrointestinal [150]. Other potential targeted treatment options for children 
with relapsed T-ALL that are being investigated include mTOR inhibitors 
(NCT03328104), BCL-2 inhibitors (NCT03181126), JAK-STAT pathway inhibi-
tors, and CDK4/6 inhibitors (NCT03792256, NCT03515200, NCT03740334).

 Late Effects

Many late effect studies for ALL focus on survivors who were treated decades ago. 
These studies have shown a wide spectrum of late effects including second malig-
nancies, cardiac dysfunction, short stature, cataracts, and neurocognitive impair-
ments [151]. Adult survivors of childhood ALL treated in the 1970s and 1980s also 
appear to be at a higher risk of developing metabolic syndrome, which predisposes 
to coronary artery disease and stroke [152]. In the Childhood Cancer Survivor Study 
(CCSS), ALL patients treated between 1970 and 1986 reported higher rates of 
chronic medical conditions, mental health problems, functional impairment, and 
activity limitations compared to siblings [153]. Additionally, compared to age-, 
year-, and sex-matched rates in the US population, the CCSS found that ALL survi-
vors were at increased risk of early mortality (15.2 times more likely to die of sub-
sequent cancer, 7 times more likely to die from cardiac-related events, and 2.6 times 
more likely to die from other medical causes) [154]. In an effort to reduce toxicity, 
these findings have led to changes in treatment approaches in the modern era. The 
majority of newly diagnosed patients are treated without cranial radiation or high 
cumulative dose of anthracyclines, alkylating agents, or epipodophyllotoxins. 
Despite these modifications, patients treated on contemporary ALL protocols 
remain at risk for long-term sequelae, with neurocognitive deficits, cardiac dysfunc-
tion, and skeletal toxicities such as osteonecrosis and low bone mineral density.

The high doses (24–28 Gy) of cranial radiation therapy (CRT) used in treatment 
regimens in the 1970s led to low intelligence quotients and high rates of learning 
disabilities in ALL survivors of that era. Long-term survivors who received 24 Gy 
of CRT developed impairments in immediate and delayed memory, suggestive of 
early cognitive aging [155–157]. Thus, a major goal of eliminating CRT in child-
hood ALL was to avoid neurocognitive late effects. Unfortunately, other 
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CNS-directed therapies used in place of CRT, such as intensive intrathecal chemo-
therapy and high-dose MTX, can also lead to cognitive impairments. Therefore, 
even without CRT there are impairments in intelligence and difficulties with atten-
tion, memory, processing speed, and executive function in survivors of childhood 
ALL [158–160]. Children with T-ALL are at particular risk, since they have higher 
rates of CNS disease at diagnosis and higher rates of CNS relapse. Thus, a greater 
proportion of children with T-ALL receive CRT compared to those diagnosed 
with B-ALL.

Anthracyclines cause a dose-dependent irreversible loss of cardiomyocytes and 
reduce left ventricular wall thickness and mass. This can lead to decreased left ven-
tricular fractional shortening and subsequent cardiomyopathy, intracardiac conduc-
tion deficits, heart failure, myocardial infarction, valvar/pericardial disease, and 
hypertension [161–166]. To address this, studies have been conducted evaluating 
dexrazoxane, a chemoprotectant which decreases tissue damage by chelating intra-
cellular iron and decreasing oxygen free radicals. It has been demonstrated to pro-
vide long-term cardioprotection without sacrificing oncologic efficacy and is now 
being more readily incorporated into treatment regimens containing high cumula-
tive doses of anthracyclines to mitigate these late effects [167, 168].

Osteonecrosis is bone damage resulting from a temporary or permanent loss of 
blood supply that can ultimately lead to collapse of the joint surface depending on 
its location. Osteonecrosis typically presents during treatment, but symptoms can 
persist for years after therapy completion and may result in the need for orthopedic 
surgical intervention. Risk factors for the development of osteonecrosis include 
high cumulative glucocorticoid dose and older age [169–171]. In particular, dexa-
methasone is associated with a higher risk than prednisone, particularly in adoles-
cents, and this has led to therapy modifications in ALL protocols, namely, the use of 
alternating week dexamethasone during the delayed intensification phase of ther-
apy, as well as a preference for prednisone rather than dexamethasone during certain 
treatment phases for adolescents [78, 170–172]. Regardless of such modifications, 
increased rates of osteoporosis and osteopenia are seen in ALL survivors [173–175], 
with a dose-dependent decrease in bone mineral density after exposure to metho-
trexate and corticosteroids [174].

 Future Directions

While the majority of children with either B- or T-ALL are cured, there is a need to 
define better treatment for the 10–20% currently not cured, especially those with 
T-ALL in whom outcomes following relapse remain dismal. Future approaches 
must avoid additional toxicities for those who will be cured without further intensi-
fication of therapy. One approach toward achieving this goal is to improve our cur-
rent risk stratification systems. Assessment of MRD by either flow cytometry or 
qPCR remains the most powerful predictor of outcome in ALL, but relapses still 
occur in patients considered MRD negative at early treatment time points. Enhancing 
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the sensitivity to detect MRD may identify patient populations who would benefit 
from further intensification of upfront therapy. Using DNA-based high-throughput 
sequencing (HTS) of the immunoglobulin heavy chain (IgH), MRD at a threshold 
of 1.0 × 10−6 can be detected in B-ALL, which is significantly lower than the level 
of detection by flow cytometry and previously found to be more predictive of relapse 
than a qPCR-based MRD [70, 176, 177]. HTS to measure MRD is currently being 
investigated by the COG in the standard-risk B-ALL protocol AALL1731 
(NCT03914625). As noted earlier, disease response is currently our best tool for 
risk stratification in T-cell disease, but efforts are ongoing to better understand the 
underlying molecular abnormalities, which may be incorporated in future risk strat-
ification algorithms as well.

Another future approach will be optimal incorporation of targeted and immuno-
therapeutic treatment strategies. This is of paramount importance in T-ALL where 
the development of these approaches has lagged behind that of B-ALL. Contemporary 
approaches to improve outcomes for newly diagnosed patients involve bringing 
active immunotherapies in the R/R setting to upfront treatment regimens. For 
B-ALL this includes blinatumomab, inotuzumab, and tisagenlecleucel, both in 
pediatric and adult cooperative groups. Furthermore, TKIs are routinely incorpo-
rated into the treatment of patients with Ph+ ALL and are now being studied pro-
spectively in patients with Ph-like ALL.  Finally, strategies to improve current 
immunotherapeutic success in R/R B-ALL include the addition of checkpoint inhib-
itors to blinatumomab and CAR-T therapy, as well as expansion of CAR-T technol-
ogy to include novel/multiple antigen targets, as well as ways to improve their 
persistence and overcome resistance by leukemic cells. In T-ALL, there are fewer 
new alternatives, but recent success with nelarabine has conferred optimism, and as 
noted above there are promising new therapies such as bortezomib and daratu-
mumab under investigation.
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Chapter 5
Treatment of Adult B- and T-Cell Acute 
Lymphoblastic Leukemia: An Overview 
of Current Treatments and Novel Advances

Shimoli V. Barot and Anjali S. Advani

 Clinical Case I

A 52-year-old woman presents with night sweats, fatigue, easy bruising, and dys-
pnea on exertion. Past medical history is notable for hypertension. Complete blood 
count (CBC) at presentation is as follows: white blood cell (WBC) count 11 × 109/L, 
hemoglobin 7.3 g/dL, and platelets 42 × 109/L. Bone marrow aspirate/biopsy dem-
onstrates 90% blasts. Flow cytometry is positive for CD10, CD19, CD22, CD34, 
CD79a, HLA-DR, and TdT, diagnostic for pre-B-ALL.  She is CD20- and has a 
normal karyotype. Tissue typing confirms a HLA-matched compatible sibling. 
Reverse transcriptase polymerase chain reaction (RT-PCR) for BCR-ABL1 is nega-
tive. Testing for the Ph-like signature is negative for any ABL class fusions or JAK 
pathway alterations. Therefore, she does not have any high-risk features.

 Risk Stratification

Accurate risk stratification is a key aspect in the management of ALL.  It aids in 
determining optimal initial treatment and consideration of HSCT. Historically, the 
MRC UKALLXII/ECOG E2993 study [5] found that factors at diagnosis predictive 
of overall survival (OS) and disease-free survival (DFS) were age (P = 0.001), WBC 
count <30 × 109/L for B-lineage or < 100 × 109/L for T-lineage (P = 0.001), and 
immunophenotype, T-lineage vs. B-lineage (P  =  0.001). With improved 
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understanding of the genetic landscape of ALL, recurrent cytogenetic and molecu-
lar abnormalities have been identified. These have now become more crucial in the 
prognosis and management of ALL [6–10]. One of these cytogenetic aberrations is 
the presence of the Ph chromosome (t[9;22][q34;q11]). It accounts for about 25% 
of adult ALL and 50% of cases in older adults. It has an aggressive clinical course 
with high risk of relapse [11]. However, the development of tyrosine kinase 
inhibitors (TKIs) has revolutionized the management of these patients and is 
discussed in a separate chapter. Some other adverse genetic abnormalities in ALL 
include complex karyotype (≥5 chromosomal abnormalities), intrachromosomal 
amplification of chromosome 21 (iAMP21), t(v;14)(v;q32)-IGH-r, low hypodiploidy/
near triploidy, t(4;11)(q21;q23)-KMT2A-AFF1, and other MLL translocations. 
Conversely, t(12;21)(p13;q22)(ETV6–RUNX1), which is observed almost 
exclusively in children, and hyperdiploidy have significantly better outcomes 
(Fig. 5.1 and Table 5.1).

AdultsChildren & adolescents

High risk

High risk

Intermediate risk

Intermediate riskGood risk

Good risk

high hyperdiploidy

high hyperdiploidy

t(12;21)/ETV6-RUNX1

t(12;21)/ETV6-RUNX1

t(1;19)/TCF3-PBX1

t(1;19)/TCF3-PBX1

t(9;22)/BCR-ABL1

t(9;22)/BCR-ABL1

t(17;19)/TCF3-HLF

IGH translocations

IGH translocations

MLL translocations

MLL translocations

B-other ALL

B-other ALL

iAMP21

iAMP21

low hypodiploidy

low hypodiploidy

near haploidy complex karyotype

Fig. 5.1 Recurrent cytogenetic and molecular abnormalities in ALL. (Used with permission: 
Moorman [140])

S. V. Barot and A. S. Advani



107

In 2009, a new subtype of ALL called Ph-like or BCR/ABL1-like ALL was iden-
tified which expresses a genomic signature reminiscent of BCR/ABL1 in the absence 
of the BCR/ABL1 fusion [12–14]. Ph-like ALL is detected in about 10% of children, 
25% of AYAs, and 20–30% of adults. It is associated with poor chemotherapy 
response, high MRD, and significantly inferior outcomes [15–19]. Ninety-one per-
cent of these patients harbor genetic alterations activating tyrosine kinase signaling. 
CRLF2 rearrangements occur in up to 60% of adolescents and adults. ABL-class 
fusions are present in approximately 10–15% of children and adults. Other altera-
tions include JAK2 or EPOR rearrangements and mutations activating JAK-STAT or 
Ras signaling pathways [20]. Utilization of early HSCT, mAbs, and targeted thera-
pies with kinase inhibitors is currently under investigation for Ph-like ALL and is 
discussed in a separate chapter.

 Clinical Case I (Continued)

The patient is started on induction chemotherapy according to the CALGB 19802 
protocol.

 Treatment

The standard management approach in adult B-ALL consists of multi-agent chemo-
therapy administered over 2–3 years. Various protocols have been developed based 
on pediatric regimens. However, overall treatment consists of four integral 
components:

• Induction phase
• Consolidation phase

Table 5.1 Common recurrent cytogenetic abnormalities in pediatric and adult B-ALL [130]

Risk groups Cytogenetic abnormalities Clinical significance Frequency

Good risk Hyperdiploidy (>50 
chromosomes)

Favorable prognosis 25–30% in children; 
7–8% in adults

t(12;21)/ETV-RUNX1 Favorable prognosis in 
children, undetermined in 
adults

25% in children; 0–4% 
in adults

Intermediate 
risk

t(1;19)/E2A-PBX1 Intermediate to favorable 
prognosis

1–6% in children; 
1–3% in adults

t(5;14)/IL3-IGH Intermediate Rare
Poor risk t(9;22)/BCR-ABL1 Poor prognosis 1–3% in children; 

25–30% in adults
t(v;11q23)/KMT2A (MLL) 
rearrangements

Poor prognosis 2/3 in infants; 1–2% in 
older children; 4–9% in 
adults

Hypodiploidy (<44 
chromosomes)

Poor prognosis 6% in children, 7–8% 
in adults
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• Maintenance phase
• CNS prophylaxis and/or treatment

 Induction Chemotherapy

The aim of the initial induction phase is to achieve CR which is defined as <5% 
blasts in the bone marrow and disease eradication at the molecular level (MRD 
negativity). Induction therapies are given over 4–6  weeks and typically involve 
either a four-drug regimen of vincristine, anthracycline, corticosteroid, and 
L-asparaginase or a five-drug regimen adding cyclophosphamide.

Anthracyclines Cancer and Leukemia Group B (CALGB) 7612 [21] evaluated the 
addition of daunorubicin to an induction regimen of vincristine, prednisone, and 
L-asparaginase. CR was observed in 83% vs. 47% (P = 0.003) of patients, and it 
established the role of an anthracycline in induction therapy.

Corticosteroids Historically, prednisone was utilized in induction regimens. 
However, trials comparing dexamethasone vs. prednisone showed that 
dexamethasone was associated with a significantly improved event-free survival 
(EFS) and a lower risk of CNS relapse in children [22, 23]. This is because 
dexamethasone penetrates the blood-brain barrier (BBB) more effectively [24]. 
However, dexamethasone has been associated with a higher rate of infection-related 
deaths and avascular necrosis especially in AYAs and adults [25, 26].

L-Asparaginase Asparaginase is an enzyme that breaks down extracellular aspara-
gine into aspartic acid and ammonia. Depletion of extracellular asparagine inhibits 
the growth of ALL cells. Four-agent induction with intensive asparaginase therapy 
improved EFS in childhood ALL [27]. Similarly, in adults, the CALGB 9511 [28] 
used PEG-asparaginase and determined that patients who achieved effective plasma 
asparagine depletion have improved median OS (31% vs. 13%). However, adverse 
effects associated with asparaginase include thrombosis, pancreatitis, hyperglyce-
mia, hepatotoxicity, immunogenicity, and infusion reactions.

Cyclophosphamide The Gruppo Italiano Malattie EMatologiche dell’Adulto 
(GIMEMA) 0288 [29] evaluated the addition of cyclophosphamide to a conventional 
four-drug induction of vincristine, prednisone, daunorubicin, and asparaginase. The 
addition of cyclophosphamide significantly influenced CR achievement in a 
multivariate analysis.

Some of the commonly used regimens combining these drugs are:

• CALGB 8811 (Larson 1995) and 9111 (Larson 1998) regimen
Based on the success of pediatric regimens, the CALGB 8811 [30] utilized an 

intensive five-drug chemotherapy program of cyclophosphamide, daunorubicin, 
vincristine, prednisone, and L-asparaginase for induction in 197 adults. A CR 
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was achieved in 85% of patients, the median survival was 36 months, and the 
median remission duration was 29 months. However, the CNS prophylaxis in 
this regimen incorporated cranial radiation which has largely fallen out of favor 
due to complications such as neurocognitive decline, endocrine abnormalities, 
and brain necrosis [31].

A major difficulty with these intensive chemotherapy regimens is prolonged 
myelosuppression. Hence, the CALGB 9111 [32] evaluated the benefit of recom-
binant human granulocyte colony-stimulating factor (G-CSF) support in shorten-
ing the neutrophil recovery time and allowing the use of dose-intensive regimens 
with acceptable toxicity. Patients in the G-CSF group had significantly shorter 
durations of neutropenia and thrombocytopenia and fewer days in the hospital. 
They also had a higher CR rate and fewer deaths during induction.

• CALGB 19802 regimen
CALGB 19802 [33] tested dose intensification of daunorubicin and cytara-

bine (ara-c) as well as the use of high-dose intravenous, oral, and intrathecal 
MTX as a substitute to cranial radiation for CNS prophylaxis. The intensification 
of daunorubicin and ara-c failed to result in an overall improvement in DFS or 
OS compared with historical CALGB studies. However, intensive systemic, oral, 
and intrathecal MTX and ara-c dosing could effectively replace CNS radiation 
based on the results.

• Hyper-CVAD (hyperfractionated cyclophosphamide, vincristine, doxorubicin 
[Adriamycin], and dexamethasone)

Hyper-CVAD (hyperfractionated cyclophosphamide, vincristine, doxorubicin 
[Adriamycin], and dexamethasone), a dose-intensive two-phase chemotherapy 
regimen, was developed at the MD Anderson Cancer Center. The dose-intensive 
phase consists of four cycles of hyper-CVAD alternating with four cycles of 
high-dose MTX and ara-c. It also includes a risk-stratified schedule of CNS pro-
phylaxis with intrathecal MTX and intrathecal ara-c as well as supportive care 
with antibiotic prophylaxis and G-CSF therapy. Maintenance therapy consists of 
6-mercaptopurine (6-MP, Purinethol), vincristine (Oncovin), MTX, and predni-
sone (POMP) for 2 years. The phase II trial of a hyper-CVAD-based regimen 
reported an excellent 91% CR rate and a 39% 5-year OS. A subsequent retro-
spective review from the same center with further follow-up reported an increased 
mortality during induction with advanced patient age (2% vs. 15% for <60 or 
≥60 years, respectively) [34, 35]. The chief drawback of administering this regi-
men is the increased myelosuppression and the increased necessity for longer 
hospital admission.

• MRC UKALL XII/ECOG 2993 regimen
In one of the largest multicenter prospective trials conducted to date, 1521 

adolescent and adult patients received induction therapy consisting of vincris-
tine, daunorubicin, prednisone, and L-asparaginase for 4 weeks (phase I) fol-
lowed by cyclophosphamide, ara-c, oral 6-MP, and intrathecal MTX for 4 weeks 
(phase II). With a CR rate of 91% and OS of 45% for patients who achieved CR, 
this induction regimen is highly efficacious [5].
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• Regimens commonly used in older adults include the GRAALL-SA1 regimen 
[36], GMALL regimen [37], PETHEMA-based regimen [38], Modified DFCI 
91-01 protocol [39], and others (Table 5.2). The treatment of elderly patients 
with ALL is discussed in a separate chapter.

 Central Nervous System Prophylaxis and/or Treatment

Prior to the use of CNS prophylaxis, about 75% of recurrences in children involved 
the CNS [40]. In adults, CNS involvement at the time of presentation is uncommon 
(5–7%) [41, 42]. However, CNS relapse occurs in about 30% of patients who have 
achieved a CR [43]. CNS prophylaxis is thus imperative, and the method used 
should be congruent with the studies investigating the particular regimen. The 
modalities include CNS radiation, intrathecal chemotherapy, and systemic high- 
dose therapy with MTX and/or ara-c [44].

Radiation is an effective form of CNS-directed therapy but is frequently associ-
ated with long-term adverse effects, such as secondary neoplasms, endocrinopathy, 
neurocognitive dysfunction, and neurotoxicity [31]. In a CNS prophylaxis study of 
adults who received intrathecal and systemic therapy, the frequency of CNS recur-
rence was similar to that observed in protocols that included cranial radiation [45]. 
Similarly, Pui et al. concluded that a combination of early intensive systemic and 
intrathecal chemotherapy allows omission of cranial radiation [24]. Systemic che-
motherapy alone is limited for CNS prophylaxis given the poor penetration of drugs 
in the BBB. The ability of ara-c and MTX to penetrate the BBB makes them useful 
agents [46]. However, maintaining prolonged therapeutic concentrations in the CSF 
requires high doses which frequently lead to toxicity. Hence, intrathecal chemo-
therapy is now used widely, because it allows direct intra-CSF treatment and a 

Table 5.2 Commonly used regimens in adult ALL

Number Trial Number of patients Rate of CR (%) Reference

1 CALGB 8811 197 85 [30]
2 CALGB 9111 198 85 [32]
3 CALGB 19802 161 80 [33]
4 EORTC ALL-3 340 74 [131]
5 GIMEMA 0288 767 82 [29]
6 GIMEMA 0496 450 80 [9]
7 GMALL 05 1163 83 [132]
8 JALSG ALL 93 263 78 [133]
9 LALA 87 572 76 [134]
10 LALA 94 922 84 [62]
11 MDACC 288 92 [34]
12 MRC UKALL XII/ECOG E2993 1521 91 [5]
13 PETHEMA ALL 93 222 82 [103]
14 UCSF 109 88 [135]
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sustained therapeutic drug concentration in the CSF. The various regimens used are 
MTX in mono- or triple-therapy with ara-c and steroids, and their effectiveness has 
been established in various studies [47–49]. This is further elaborated in a separate 
chapter.

 Addition of Monoclonal Antibodies for CD20+ ALL

The CD20 antigen is present on 30–50% of B-ALL blasts and was previously asso-
ciated with an adverse prognosis [50]. Currently, the addition of rituximab, a mAb 
against CD20, to chemotherapy has improved OS in adult patients <60 years of age 
with CD20+ ALL [51, 52]. In contrast, older adults (≥60 years) did not appear to 
benefit from the addition of rituximab. In a recent study, 209 patients (18–59 years) 
with newly diagnosed CD20+ B-ALL were randomly assigned to receive chemo-
therapy ±16–18 infusions of rituximab spanning induction through maintenance. 
EFS was longer in the rituximab group than in the control (P = 0.04), and the 2-year 
EFS rates were 65% vs. 52%, respectively [50]. Given this data, incorporation of 
rituximab with chemotherapy has become standard of care for newly diagnosed 
CD20+ B-ALL in patients <60 years of age.

Ofatumumab, a type I human antibody that targets a different CD20 epitope 
compared to rituximab, induces more potent antibody-dependent and complement- 
mediated cell death and is being evaluated in clinical trials [53, 54]. Similarly, 
obinutuzumab, a novel type II glycoengineered humanized anti-CD20 mAb, 
working primarily by inducing direct cell death and antibody-dependent cell- 
mediated cytotoxicity is being investigated as well [55].

 Clinical Case I (Continued)

The patient completes induction chemotherapy according to the CALGB 19802 
protocol without significant complications. Bone marrow biopsy on day 28 
demonstrates a CR with no detectable MRD by multicolor flow cytometry (MFC). 
At this stage, a decision is made not to proceed to HSCT given her MRD negative 
status and lack of high-risk features. She continues consolidation/maintenance 
chemotherapy per protocol.

 Minimal Residual Disease

With any of the above induction regimens, about 85–90% of newly diagnosed adults 
will achieve CR. However, patients in initial clinical and morphologic CR can have 
persistent leukemia cells below the detection limits of conventional cytomorphologic 
testing. This is defined as minimal residual disease. A study on molecular MRD 

5 Treatment of Adult B- and T-Cell Acute Lymphoblastic Leukemia: An Overview…



112

analysis carried out by the German Multicenter Study Group for Adult ALL 
(GMALL) on 580 patients demonstrated that the molecular response to standard 
induction and consolidation treatment was the only significant prognostic factor for 
remission duration and survival in both standard-risk and high-risk groups [56]. 
These data have been confirmed by other groups, regardless of the cutoff values, 
MRD technique, timing of MRD analysis, and target patient population [57, 58]. 
The three most widely used techniques are RT-PCR, MFC, and next-generation 
sequencing (NGS). EuroFlow-based next-generation flow cytometry and high- 
throughput sequencing of Ig/TCR are also used [59]. The clonoSEQ assay is an 
in vitro diagnostic that uses multiplex PCR and NGS to identify and quantify certain 
gene sequences in DNA extracted from the bone marrow of ALL patients. It is 
capable of detecting MRD at levels below 1 in one million cells and received FDA 
approval in September 2018 [60]. Although the timing of MRD assessment in adult 
ALL varies in different studies, it is commonly accepted that the initial measurement 
should be performed upon completion of induction therapy. Thereafter, ongoing 
MRD monitoring is extremely important since the presence of MRD >10−4 is 
consistently predictive of subsequent hematologic relapse at every stage of the 
disease as seen in the GMALL studies [61]. MRD is now widely accepted and is 
regarded today as the most important prognostic factor in the management of 
childhood and adult ALL. It is further discussed in a separate chapter.

 Consolidation/Intensification Chemotherapy

The primary aim of post-remission therapy is therefore to eradicate MRD. The three 
main approaches are chemotherapy, autologous HSCT, and allogeneic HSCT.

The French LALA-87 [62] investigated the use of allogeneic HSCT, autologous 
HSCT, or consolidation chemotherapy in 436 patients in first remission. Fifteen to 
forty-year-old patients with an HLA-identical sibling underwent a matched sibling 
HSCT.  Those 40–50-year-old patients without an HLA-identical sibling were 
randomly assigned treatment with either autologous HSCT or chemotherapy. All 
patients >50 years were treated with chemotherapy alone. This trial demonstrated a 
significant superiority of allogeneic HSCT in high-risk ALL patients (defined as 
CNS-positive ALL; presence of Ph chromosome, t(4;11), t(1;19), or other 
abnormalities involving 11q23 rearrangements; a WBC count >30  ×  109/L; and 
patients who did not achieve CR after one course of chemotherapy). Similarly, there 
was a trend in favor of autologous HSCT over chemotherapy in high-risk patients. 
Conversely, allogeneic HSCT was not superior to autologous HSCT or chemotherapy 
in standard-risk ALL.

The International MRC UKALLXII/ECOG E2993 was the largest prospective 
study of 1484 patients to evaluate the role of allogeneic HSCT in first remission 
[63]. All patients aged 15–55  years with an HLA-matched sibling donor were 
assigned to receive an allogeneic HSCT in first CR, whereas those without a 
compatible sibling donor were randomized to receive either autologous HSCT or 
prolonged chemotherapy. Five-year OS for patients with and without a donor was 
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53% vs. 45% (P = 0.02) indicating the superiority of allogeneic HSCT overall. For 
the high-risk patients (defined as patients >35 years; those with a high WBC count 
at presentation of ≥30 × 109/L for B-lineage and ≥100 × 109/L for T-lineage; and Ph 
chromosome positive), relapse rate was significantly reduced (63% vs. 37%; 
P ≤ 0.001). However, unexpectedly, the 5-year OS was not significantly superior 
(41% vs. 35%; P = 0.2) secondary to HSCT-associated toxicities. In contrast, for the 
standard-risk patients, having a donor was associated with significantly superior OS 
(62% vs. 52%; P  =  0.02) and reduced relapse rate (49% vs. 24%; P ≤  0.001). 
Additionally, an autologous transplantation was found to be less effective than 
conventional consolidation/maintenance chemotherapy in all patients.

These data have been further validated in a meta-analysis of 13 trials with 2648 
patients which concluded that allogeneic HSCT was superior to autologous HSCT 
or chemotherapy for patients with ALL in first remission and the survival advantage 
was of greater statistical significance for patients with standard-risk than with high- 
risk ALL [64]. Similarly, Gupta et al. analyzed data from 13 studies including 2962 
patients and found no benefit of autologous HSCT in comparison to chemotherapy 
for adults in first remission but found that allogeneic HSCT improved survival for 
patients <35 years of age [65]. It is important to note that the younger patients in 
these original studies were not treated with pediatric regimens and currently AYA 
patients achieve better outcomes on pediatric regimens than conventional adult 
regimens.

In conclusion, for patients with high-risk features and persistent MRD and 
patients with relapsed/refractory disease, allogeneic HSCT offers the best chance 
for a durable response. However, it is important to take into account the risk/benefit 
ratio with higher morbidity and mortality associated with allogeneic HSCT. Patients 
at standard risk who achieve and maintain molecular remission can be treated with 
consolidation/maintenance chemotherapy including the AYA population given the 
improved outcomes with the current pediatric regimens.

 Maintenance Chemotherapy

Maintenance therapy is a standard component of ALL management and is given for 
2–3 years after consolidation beyond which it has not been shown to have benefit 
[66]. The most commonly used drugs are 6-MP, MTX, vincristine, and prednisone. 
CNS prophylaxis is continued during this time in some regimens, particularly 
pediatric protocols.

 Clinical Case I (Continued)

She relapses 2.5  years from diagnosis and after receiving maintenance therapy. 
CBC is as follows: WBC 12  ×  109/L, hemoglobin 6.6  g/dL, and platelets 
15 × 109/L. Her bone marrow is completely replaced with lymphoblasts with the 

5 Treatment of Adult B- and T-Cell Acute Lymphoblastic Leukemia: An Overview…



114

original immunophenotype. She is treated with blinatumomab and achieves a 
second remission. Thereafter, she undergoes HSCT from her sibling donor.

 Relapsed/Refractory Disease

While 85–90% of patients achieve remission after induction therapy, there is a sub-
set that is refractory to induction therapy. Additionally, despite a high frequency of 
CR, relapses are common and overall long-term survival is poor in adults [3]. Once 
patients relapse, the only hope of curative therapy is successful re-induction fol-
lowed by allogeneic HSCT. Thus, attaining a CR to bridge patients to HSCT is cur-
rently the goal of salvage therapies. Re-induction regimens include standard or 
novel chemotherapeutic agents or immunotherapies (Fig. 5.2).

 Liposomal Vincristine

Vincristine sulfate liposome injection (VSLI) encapsulates vincristine in a sphingo-
myelin/cholesterol envelope for targeted delivery, increased efficacy, and lower 
neurotoxicity. In August 2012, VSLI received FDA approval for relapsed/refractory 
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Fig. 5.2 Novel immunotherapies in ALL. mAb monoclonal antibody, ADC antibody-drug conju-
gate, INO inotuzumab ozogamicin, BiTE bispecific T-cell engager, CAR chimeric antigen recep-
tor. (Used with permission: Wei et al. [141])
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ALL based on a phase II trial in which overall response rate (ORR) with VSLI 
monotherapy was 35% and 20% of the patients achieved a CR/complete response 
with incomplete hematologic recovery (CRi). Nineteen percent of the complete 
responders were successfully bridged to HSCT [67].

 Clofarabine

Clofarabine is a deoxyadenosine analog approved by the FDA for the treatment of 
younger patients (1–21 years) with relapsed/refractory ALL [68]. In adults, phase I/
II trials demonstrated an ORR of 17% [69]. A similar 17% rate of CR/CRi was 
observed among patients treated with clofarabine combined with ara-c [70]. In a 
study from GRAALL, adult patients with relapsed/refractory ALL were treated 
with clofarabine in combination with conventional chemotherapy (ENDEVOL 
cohort) or a more intensive regimen (VANDEVOL cohort) yielding a CR rate of 
50% vs. 41% and median OS of 6.5 months [71].

 Blinatumomab

Blinatumomab is a bi-specific T-cell engager (BiTE) mAb construct that binds 
simultaneously to CD3+ cytotoxic T cells and to CD19+ ALL blasts. This facilitates 
the patient’s T cells to recognize and eliminate CD19+ ALL blasts.

In a phase II clinical trial with blinatumomab for relapsed/refractory B-ALL, the 
CR/CRi rate was 69% after the first two cycles and 88% of responders achieved a 
molecular remission [72]. A separate multicenter phase II study demonstrated that 
43% patients achieved a CR/CRi after only 2 cycles of treatment with blinatumomab 
with a median OS of 6.1 months [73]. Based on these results, blinatumomab was 
approved by the FDA in December 2014 for patients with relapsed/refractory pre- 
B- ALL. Thereafter, the phase III TOWER trial of 405 adults with heavily pretreated 
pre-B-ALL found that treatment with blinatumomab resulted in significantly 
improved CR rates and longer OS than standard chemotherapy. 6-month EFS rates 
were 31% vs. 12% and median remission duration was 7.3 vs. 4.6  months for 
blinatumomab vs. chemotherapy respectively [74].

Blinatumomab is also currently approved for pre-B-ALL in first or second remis-
sion with MRD ≥0.1% based on the multicenter BLAST trial [75] in which 78% of 
patients achieved a complete MRD response. The relapse-free survival was 54% at 
18 months and the median OS was 36.5 months. Importantly, MRD responders had 
longer relapse-free survival (23.6 vs. 5.7  months; P  =  0.002) and OS (38.9 vs. 
12.5 months; P = 0.002) compared with MRD non-responders. At present, blinatu-
momab is also being investigated for use in frontline therapy of newly diagnosed 
B-ALL and in combination with other therapies [76–81].
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 Inotuzumab Ozogamicin

Inotuzumab ozogamicin (InO) is an antibody-drug conjugate composed of a human-
ized anti-CD22 mAb conjugated to the cytotoxic agent calicheamicin. It binds with 
high affinity to CD22, a cell-surface antigen expressed by >90% of B-cell blasts in 
nearly all patients with B-ALL. The antibody-drug conjugate is then rapidly inter-
nalized, and subsequent intracellular release of unconjugated calicheamicin leads to 
apoptosis via its binding to and cleavage of double-stranded DNA [82].

The phase III INO-VATE trial compared InO with one of three standard chemo-
therapy regimens, FLAG (fludarabine, ara-c, and G-CSF), ara-c+mitoxantrone, and 
single-agent ara-c, and found that the risk of progression or death was reduced by 
55% with InO vs. standard chemotherapy. 80.7% vs. 29.4% of patients achieved 
CR/CRi, and 78.4% vs. 28.1% of responders attained MRD negativity with InO vs. 
chemotherapy. The CR/CRi rates for first and second salvage therapy were 87.7% 
and 66.7%, respectively (vs. 28.8% and 30.6% in the chemotherapy arm) [83, 84]. 
Based on these results, InO was FDA approved for relapsed/refractory pre-B-ALL 
in August 2017. At present, studies are underway using InO in frontline therapy, in 
MRD, and in combination with various agents [85–88].

Both blinatumomab and InO have comparable response rates. However, due to a 
short half-life, blinatumomab requires a continuous infusion. The major adverse 
effects include infusion reactions as well as the potentially fatal cytokine release 
syndrome (CRS) and neurological toxicities. Neurological events can include 
tremor, dizziness, confusion, and aphasia. Significant CRS was reported in 2% of 
patients and generally occurs with the first treatment [73]. It is treated by interrupting/
permanently discontinuing the infusion and using corticosteroids.

Conversely, InO can be given weekly. The most frequent adverse effect is myelo-
suppression. InO is associated with hepatotoxicity and most commonly grade 1 or 2 
liver-related laboratory abnormalities. Importantly, the INO-VATE trial reported a 
higher rate of veno-occlusive disease (VOD)/sinusoidal obstruction syndrome 
(SOS) in the InO arm (11% vs. 1%). Patients at increased risk of SOS include age 
≥65 years, history of HSCT before InO treatment, history of liver disease, longer 
duration of InO exposure, and conditioning regimens containing two alkylating 
agents, especially those containing thiotepa. Studies have emphasized the impor-
tance of medical history and implementing risk reduction strategies in patients 
undergoing HSCT after InO [89].

 CAR-T (Tisagenlecleucel)

CAR T-cell therapy is a revolutionary treatment in which T cells are genetically 
engineered to express chimeric antigen receptors specifically directed toward 
antigens on a patient’s tumor cells and then infused back into the patient where they 
attack and kill the cancer cells.

In August 2017, the FDA approved the anti-CD19 CAR T-cell agent tisagenle-
cleucel for the treatment of patients up to 25 years of age with relapsed/refractory 
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B-ALL based on the results of the ELIANA global multicenter trial of 75 patients 
(3–21 years). Eighty-one percent of patients had an ORR within the first 3 months 
and 100% achieved MRD-negative status. Persistence of tisagenlecleucel in the 
blood was observed for as long as 20 months leading to a durable relapse-free sur-
vival rate of 80% at 6 months and 59% at 12 months, and only 9% of patients pro-
ceeded to allogeneic HSCT [90]. However, growing experience has revealed that 
remissions may be short in a substantial number of patients owing to poor persistence 
and/or resistance from antigen loss or modulation. Improved strategies and newer 
CAR-Ts are being developed to overcome this hurdle [91].

In a phase I trial, 53 adults with relapsed/refractory B-ALL received one infusion 
of 19-28z CAR-T cells, which expressed a second-generation CD19-specific CAR, 
and 83% of patients achieved CR. Median EFS was 6.1 months and median OS was 
12.9 months. Other studies have also reported similar results, but it has not yet been 
approved in the adult population [92, 93].

Toxicities, which can be fatal, include CRS, B-cell aplasia, and cerebral edema. 
Tocilizumab, a recombinant humanized mAb against the interleukin-6 receptor 
(IL-6R), has been FDA approved for the treatment of severe/life-threatening CRS 
resulting from CAR T-cell therapy in patients ≥2 years of age. In clinical trials, 69% 
of patients with CAR T-cell therapy-related CRS had complete resolution within 
2 weeks after receiving one to two doses of tocilizumab [94].

 Venetoclax/Navitoclax

Venetoclax is a highly selective BCL-2 inhibitor. Navitoclax is a BCL-2/BCL-XL/
BCL-W inhibitor, but prolonged thrombocytopenia limits its continuous use at 
higher doses. The combination aims for synergistic activity against BCL-2 with 
reduction in the limiting adverse effect from navitoclax. A phase I, multicenter 
study (NCT03181126) is currently evaluating venetoclax+navitoclax and 
chemotherapy (PEG-asparaginase, vincristine, dexamethasone) in relapsed/
refractory ALL. Based on preliminary data, the ORR was 56% (20/36) in the total 
population with best responses of CR/CRi/CR with incomplete platelet recovery 
(CRp) in 18 patients. Of the 18 patients with CR/CRi/CRp, 10 (56%) had 
undetectable MRD.  The preliminary efficacy data is promising in this heavily 
pretreated population [95].

 Clinical Case II

A 22-year-old man presents with fever, weight loss, fatigue, and abdominal pain. He 
has no past medical history. CBC at presentation is as follows: WBC 21 × 109/L, 
hemoglobin 7.1  g/dL, and platelets 33  ×  109/L.  Hepatosplenomegaly is present. 
Bone marrow biopsy is consistent with the diagnosis of precursor B-ALL. He is 
CD20- and cytogenetics show a normal male karyotype. RT-PCR for BCR-ABL1 
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and Ph-like signature testing is negative. FISH is negative for recurrent genetic 
abnormalities.

 Approach to a Young Adult

At the intersection between children and older adults is the population of AYAs. 
Their disease biology, management, and psychosocial factors are unique and require 
a distinct approach.

 Risk Stratification

In an analysis of 21,626 ALL cases diagnosed between 1990 and 2005 and treated 
with Children’s Oncology Group (COG) regimen, survival rates decreased 
significantly with increasing age at diagnosis regardless of treatment era (94.1% for 
ages 1–10, 84.7% for ages 10–15, and 75.9% for ages 15–22 years in the 2000–2005 
cohort) [1]. An explanation for this is the primary differences in the frequency of the 
recurrent genetic alterations between children and adults with ALL [96, 97]. The 
most significant of these is the poor-risk Ph chromosome which is observed in 2–5% 
of children vs. 30% of adults. iAMP21 is present in 2% of childhood ALL, is more 
frequent in older children and adolescents, and is associated with a higher risk of 
relapse. IgH rearrangements are more frequent in the AYA population and are also 
associated with unfavorable outcomes. Additionally, the t(12;21)(p13;q22)(ETV6–
RUNX1), associated with good prognosis, is observed in 25% of children vs. 3% of 
adults. Similarly, a hyperdiploid karyotype (>50 chromosomes) is found in 30–40% 
of children vs. 2–10% of adults. Hence, as age increases, there is a progressive rise 
in the prevalence of ALL genetic subtypes with poor prognosis, whereas subtypes 
with favorable outcomes become less common [98]. Therefore, relative to children, 
AYAs tend to present with higher rates of unfavorable genetic abnormalities and 
thus have inferior outcomes.

 Clinical Case II (Continued)

The patient is started on induction chemotherapy according to the pediatric-based 
C10403 protocol.
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 Treatment

Adult treatment regimens typically include intensive use of myelosuppressive 
agents and allogeneic HSCT in first remission. Conversely, pediatric regimens focus 
on the Berlin-Frankfurt-Munster (BFM) backbone of vincristine, daunorubicin, 
prednisone, asparaginase, early and frequent CNS prophylaxis with intrathecal 
ara-c/MTX, and prolonged maintenance therapy. Because an AYA patient may be 
viewed as either an older child or a younger adult, AYAs were historically treated 
with either pediatric or adult ALL protocols based on the population most often seen 
by the treating oncologist. These inconsistencies led to the first comparisons of 
pediatric and adult regimens in the AYA population (Tables 5.3a and 5.3b).

• Berlin-Frankfurt-Munster (BFM) Regimen
Stock et  al. [99] performed a retrospective comparison of 321 adolescents 

aged 16–20 years who were treated on consecutive trials in either the Children’s 
Cancer Group (CCG) using the BFM pediatric-style regimen or the CALGB 
adult-style regimen from 1988 to 2001. CR rates were 90% and identical in both 
arms. However, CCG adolescents had a 63% EFS and 67% OS at 7 years vs. 
34% and 46% (P < 0.001), respectively, in the CALGB. Comparison of the regi-
mens demonstrated that CCG adolescents received earlier and more intensive 
CNS prophylaxis and higher cumulative doses of non-myelosuppressive agents. 
Subsequently, similar results were also reported by several other groups 
[100–102].

• PETHEMA (Programa Español de Tratamiento en Hematología) Pediatric- 
Based Protocol ALL-96

Retrospective studies consistently demonstrated that AYAs have better out-
comes when treated with pediatric protocols, but prospective studies were scarce, 

Table 5.3a Adult versus pediatric regimens for adolescent and young adults

Country Adult regimen EFS Pediatric regimen EFS Reference

USA CALGB 34 CCG 63 [99]
France LALA94 41 FRALLE93 67 [100]
UK UK ALL XII 49 ALL97 65 [136]
Finland FLGN 60 NOPHO 67 [137]
Netherland HOVON 34 DCOG 69 [138]
Italy GIMEMA 71 AEIOP 80 [139]

Table 5.3b Pediatric regimens for adolescent and young adults

Country Regimen EFS/DFS Reference

USA DFCI 72 [104]
Spain PETHEMA ALL-96 60 [103]
France GRAALL-2003 58 [105]
Netherlands/Belgium HOVON 70 66 [101]
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and this was accomplished by the ALL-96 protocol. Among 81 patients aged 
15–30 years, the CR rate was 98%, and 6-year EFS and OS were 61% and 69%, 
respectively, with no differences between adolescents and young adults [103].

• Dana-Farber Cancer Institute (DFCI) ALL Regimen
This trial assessed the feasibility of treating adult patients aged 18–50 years 

with the DFCI Pediatric ALL Consortium regimen. Eighty-five percent of 
patients achieved a CR after 1 month of intensive induction therapy. The 4-year 
DFS and 4-year OS were 69% and 67%, respectively. They concluded that a 
pediatric-like treatment strategy for young adults is feasible, is associated with 
tolerable toxicity, and results in improved outcomes compared with historical 
regimens in young adult patients with ALL [104].

• Group for Research on Adult Acute Lymphoblastic Leukemia (GRAALL)-2003 
and GRAALL-2005 Regimen

The aim of GRAALL-2003 study was to test a pediatric-inspired treatment in 
adult patients up to the age of 60 years. In this trial, the CR rate was 94%. EFS 
and OS rates were 55% and 60%, respectively. In a subgroup analysis, patients 
≥45 years had a similar incidence of relapse (30% vs. 32%) but significantly 
higher rates of chemotherapy-related deaths (23% vs. 5%) and deaths during first 
CR (22% vs. 5%) as compared with patients ≤45 years which makes this regi-
men better suited for the AYA population [105]. This was the basis for the 
C10403 trial including patients up to the age of 40 years.

In an update on their data, the GRAALL-2005 was aimed to determine the 
upper age limit for treatment tolerability of a pediatric-inspired protocol of 
hyperfractionated cyclophosphamide (hyper-C) dose intensification in 787 
patients. Randomization to the hyper-C arm vs. a standard dose of cyclophospha-
mide did not increase the CR rate or prolong EFS or OS.  Overall, patients 
<55  years of age were able to tolerate this intensive pediatric-derived treat-
ment [106].

• C10403 Regimen
To address the feasibility and efficacy of using a pediatric regimen for AYA 

patients administered by adult treatment teams, a prospective study, C10403, was 
performed. The treatment arm employed interim maintenance with escalating 
doses of MTX (without leucovorin rescue) followed by asparaginase (Capizzi 
MTX) as in the PC arm of the Children’s Oncology Group (COG) study 
AALL0232 [25]. From 2007 to 2012, 318 patients with median age 24 years 
(range: 17–39 years) were enrolled. Median EFS was 78.1 months, more than 
double the historical control of 30 months. Three-year EFS was 59% and 3-year 
OS was 73%. Thus, use of a pediatric regimen for AYAs up to age 40 was found 
to be feasible and effective, resulting in improved survival rates compared with 
historical controls [107].

In all of the above studies, the upper age limit varied from 40 to 59 years, but 
a higher chemotherapy-related toxicity was observed with increasing age. Thus, 
young adults benefit from pediatric-inspired approaches but the upper age limit 
of applicability should be determined by individual protocols.
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 Clinical Case II (Continued)

The patient completes induction chemotherapy according to the C10403 protocol 
without significant complications. Bone marrow biopsy on day 28 demonstrates CR 
with no detectable MRD by MFC. At this stage, a decision was made not to proceed 
to HSCT. He continues therapy as per protocol. Following intensive post-remission 
consolidation, he moves on to starting maintenance therapy. At this time, he 
unfortunately loses his job and the associated health insurance. He is unable to bear 
the cost of medications and does not refill them. With multidisciplinary support for 
his socioeconomic situation, he is able to complete treatment.

 Hematopoietic Stem Cell Transplant

The MRC UKALLXII/ECOG E2993 [63] was the largest prospective study of 1484 
patients evaluating the role of allogeneic HSCT in first remission. Specific to AYAs, 
this trial enrolled 234 patients <20 years old and 301 patients 20–29 years old. A 
significant OS benefit in favor of allogeneic HSCT was seen only in those with 
standard-risk disease (62% vs. 52%; P = 0.02), defined as <35 years of age with no 
adverse biological features. The 5-year OS for patients aged 15–29 years was 45%.

Although these results suggest that allogeneic HSCT in first remission may be 
superior in young adults without high-risk features, the principal limitation of these 
studies was the use of adult treatment regimens in treating AYA patients. Hence, the 
comparison of 422 patients (18–50 years) reported to the Center for International 
Blood and Marrow Transplant Research (CIBMTR) with 108 age-matched patients 
who received a DFCI pediatric-inspired regimen showed no difference of 4-year 
relapse rates (24% vs. 23%). Due to a high treatment-related mortality in allogeneic 
HSCT (37% vs. 6%, P < 0.0001), the 4-year OS was significantly better in non- 
transplanted patients (45% vs. 73%, P  <  0.0001) [108]. Similarly, another 
retrospective study evaluated the CALGB 10403 regimen for post-remission therapy 
in 295 AYAs compared to a contemporary matched cohort of 217 AYAs undergoing 
allogeneic HSCT in first remission reported to the CIBMTR. The pediatric-inspired 
chemotherapy regimen was found to be superior in terms of OS, DFS, and non- 
relapse mortality [109].

Thus, in the current era of excellent outcomes in AYAs treated with intensified 
pediatric-based regimens, HSCT should be reserved for patients determined to be 
high risk based on molecular aberrations and MRD evaluation.

 Psychosocial Support

Non-adherence to treatment regimens and missed appointments are a significant 
challenge in AYAs seen in up to 65% patients [110]. This is due to complex and 
prolonged regimens administered outpatient. The diagnosis and treatment at a 
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young age also has a significant impact on psychosocial functioning. Fear about 
prognosis, loss of independence, treatment-related toxicities, and financial issues 
can negatively impact quality of life. These patients are thus optimally treated in a 
supportive outpatient setting with a multidisciplinary approach unique to this patient 
population.

 Clinical Case III

A 28-year-old man presents with a mediastinal mass and dyspnea on exertion. At 
presentation, CBC is as follows: WBC 50  ×  109/L, hemoglobin 6.5  g/dL, and 
platelets 11 × 109/L. A bone marrow aspirate/biopsy shows 60% blasts positive for 
CD2, CD5, CD17, cytoplasmic CD3, CD10, weak CD4, and TdT, diagnostic of 
T-ALL. Cytogenetics are normal and cerebrospinal fluid examination is negative. 
He is treated with a combination of standard chemotherapy with nelarabine 
according to the COG AALL0434 protocol.

 Risk Stratification

Factors that have been reported to increase the risk of relapse in patients with T-ALL 
include age, CNS involvement, an initial WBC count >100  ×  109, a complex 
karyotype, CD13 expression, and CD1a-negativity. However these have been 
inconsistent across studies [111]. Karyotypic abnormalities are present in most 
patients with T-ALL, but there are no recurrent disease defining abnormalities. 
Recurrent gene mutations associated with prognosis have been identified in 
T-ALL. NOTCH gene mutations are present in 60% of cases [112] and FBXW7 in 
15% of cases [113]. These mutations are associated with a favorable prognosis, 
while mutations in NRAS, KRAS, or PTEN are associated with a higher incidence of 
relapse [114]. Similar to B-ALL, MRD is the most important prognostic factor in 
T-ALL as well [115]. Early T-cell precursor (ETP) ALL was recognized as a new 
provisional entity in the 2016 update to the World Health Organization classification 
of acute leukemia [116]. It comprises 15% of T-ALL and has a distinct biology. It 
has stem cell-like features and is associated with chemotherapy resistance. It 
requires intensified therapy with consideration of allogeneic HSCT particularly in 
patients with persistent MRD [117, 118].

 Upfront Treatment

Childhood T-cell ALL is considered high risk with an inferior prognosis, and these 
patients are now treated in the high-risk arms of pediatric protocols with improved 
outcomes. In contrast, adult T-ALL has similar outcomes to B-ALL. In the 
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UKALLXII/ECOG 2993, the rate of CR for T-ALL and B-ALL was equivalent 
(94% vs. 93%; P = 0.5), and there was a trend toward improved 5-year OS in the 
patients with T-ALL (48% vs. 42%; P = 0.07). Similar results have been reported in 
other studies as well [5, 32, 34, 35, 111]. Hence, adult T-ALL patients are generally 
treated with the same regimens as those used for B-ALL. However, enhanced under-
standing of T-lineage biology and prognostic features has impacted the approach to 
treatment of T-ALL.

A vital aspect is the recognition of improved outcomes in young adults treated 
with pediatric regimens. These regimens heavily use asparaginase as compared to 
adult regimens and can explain the favorable outcomes [119]. The commonly used 
hyper-CVAD regimen does not incorporate asparaginase and may not be adequate 
for T-ALL treatment [120, 121]. Another important consideration is that T-ALL 
patients are more likely to have CNS involvement at presentation than B-ALL 
(9.6% vs. 4.4%; P = 0.001). Patients with CNS disease at diagnosis have inferior 
5-year OS (42% vs. 29%) due to an increased risk of both systemic and CNS 
relapse [41]. Pediatric trials have demonstrated improved EFS in T-ALL when 
high-dose MTX is added as an intensification phase [122], and, hence, most 
T-ALL protocols have adopted high-dose MTX in addition to intrathecal chemo-
therapy. Additionally, the incorporation of dexamethasone (instead of prednisone) 
in frontline regimens has also been reported to decrease the risk of relapse in 
T-ALL [123].

Decision-making after remission requires an assessment of prognostic factors to 
determine whether to continue consolidation/maintenance chemotherapy or to con-
sider allogeneic HSCT. Among the T-ALL patients in the UKALLXII/ECOG 2993, 
having a sibling donor halved the chance of relapse (25% vs. 51%; P < 0.0001) but 
modestly increased non-relapse mortality (22% vs. 12%; P  =  0.06). Allogeneic 
HSCT is thus an effective therapy and can be considered for adult patients with 
high-risk T-ALL [111].

Nelarabine (nel) is a prodrug converted in vivo to ara-GTP especially in T cells. 
The COG AALL0434 [124] evaluated the safety and efficacy of nel when incorpo-
rated into COG augmented BFM (ABFM) chemotherapy in newly diagnosed 
T-ALL pediatric and young adult patients (1–30 years). The 4-year DFS for nel vs. 
no nel was 88.9 vs. 83.3% (P = 0.0332). Among patients randomized to escalating 
dose MTX (CMTX), the 4-year DFS was 92.2% vs. 89.8% (P = 0.3825), and for 
those randomized to high-dose MTX, 4-year DFS was 86.2% vs. 78% (P = 0.024) 
for nel vs. no nel. Overall toxicity and neurotoxicity were acceptable and not signifi-
cantly different between all arms. The outcomes observed on this trial were mark-
edly superior to any trial for children and young adults with T-ALL, and most 
groups have incorporated this as a new standard of care.

Recently, a phase II study of nel combined with hyper-CVAD in 67 adult patients 
(18–78 years) revealed [125] that it is safe and effective upfront, but compared to 
hyper-CVAD alone, there was no survival benefit with the addition of nel. The rea-
son nel did not improve outcomes in adults could be the late incorporation of nel 
and the exclusion of asparaginase in the hyper-CVAD regimen.
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 Relapsed/Refractory Treatment

The goal in T-ALL is to prevent relapse through optimization of de novo therapy 
since treatment of relapsed disease is challenging and the salvage rates are dismal. 
Unlike B-ALL, where several novel agents have been approved for relapsed/refrac-
tory disease, there is a paucity of options beyond nelarabine and chemotherapy.

Nelarabine In October 2005, the FDA granted approval to nelarabine for 
relapsed/refractory T-ALL based on two phase II trials, one in pediatric and the 
other in adult patients. In the pediatric trial of 39 patients, 13% had a CR and 23% 
had a CRi. The adult trial of 28 patients demonstrated a CR in 18% and CR/CRi in 
21% patients [126, 127].

 Investigational Agents

New treatments for T-cell ALL are critically needed [128]. Gamma secretase is 
required for NOTCH1 signaling, and gamma secretase inhibitors are being devel-
oped. Ruxolitinib or other JAK/STAT pathway inhibitors may be an option espe-
cially for ETP-ALL. The BCL-2 inhibitor venetoclax is being investigated. T-ALL 
expresses CD30 and brentuximab could be used, while daratumumab, a mAb to 
CD38, has shown efficacy in preclinical trials [129]. A CD7-targeted CAR-T cell 
without self-destruction has also been developed. OBI-3424 is a highly selective 
prodrug that is converted by aldo-keto reductase family 1 member C3 (AKR1C3) to 
a potent DNA-alkylating agent and is under study as well [118]. These are discussed 
in a separate chapter.

 Conclusion

The approach to management of ALL is one of the most complex and intensive 
strategies in cancer. The cure rates and survival outcomes for patients with ALL 
have improved dramatically over the past several decades primarily among children. 
Improvements are largely due to advances in the understanding of the molecular 
biology and pathogenesis of the disease, incorporation of risk-adapted therapy, 
advent of new targeted agents, and the use of allogeneic HSCT. However, survival 
rates for adult patients remain inadequate and are especially guarded in older 
patients at approximately 20%. The approval and discovery of more effective and 
targeted therapies for ALL and moving novel therapies in the upfront setting will 
hopefully improve the outcomes for these patients.
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Chapter 6
Acute Lymphoblastic Leukemia in Infants: 
A Distinctive, High-Risk Subtype 
of Childhood Acute Lymphoblastic 
Leukemia

Erin H. Breese, Rishi S. Kotecha, and Erin M. Guest

 Introduction

Infant acute lymphoblastic leukemia (ALL), defined as ALL diagnosed prior to the 
first birthday, is a rare, aggressive cancer with a poor prognosis. In the United States, 
the incidence of ALL in infants is 1.9 cases per 100,000 or about 80 to 100 infants 
diagnosed each year [1]. Infant ALL is slightly more common among females 
compared to males (F:M ratio 1.4:1), and approximately 20% of cases are diagnosed 
in the first 3 months of life [1–4]. Infant ALL is a high-risk subtype of childhood 
ALL, associated with an event-free survival (EFS) of 45% [2–6]. Whereas many 
subsets of children with ALL have seen improvements over time, overall survival 
for infants with ALL has remained poor (Fig.  6.1) [7]. Additional unfavorable 
prognostic features in infants include very young age (age less than 3 or 6 months 
at diagnosis has each been used in clinical trials to define higher-risk cohorts), 
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hyperleukocytosis with white blood cell (WBC) count greater than 300,000/μL at 
diagnosis, poor response to prednisone during the first week of induction therapy, 
presence of KMT2A (formerly MLL) gene rearrangement (KMT2A-r), and 
persistence of minimal residual disease (MRD) in the bone marrow following 
induction chemotherapy [2–6, 8–12]. Of these factors, the principal defining 
biological feature is presence of KMT2A-r. The EFS of infants with KMT2A-r ALL 
is significantly inferior compared to infants without KMT2A-r (36–66% vs. 74–93%) 
[2–6, 13]. Treatments with very intensive chemotherapy, with or without allogeneic 
hematopoietic stem cell transplantation (HSCT), have been unsuccessful in 
improving the poor outcomes of infants with KMT2A-r ALL, and modern clinical 
trials are focused on delivering novel targeted therapies in an effort to improve 
outcome for these high-risk infants.

In this chapter, we examine the unique biological features of infant ALL that 
make it challenging to cure with current available therapies. We review the design 
and outcomes of prior clinical trials and discuss treatment strategies that are 
currently in development.

 Biological Features

In the late 1980s/early 1990s, scientists identified abnormalities of chromosome 
band 11q23 as key recurring cytogenetic features in hematological malignancies, 
including ALL and acute myeloid leukemia (AML) [14]. Alterations of 11q23 were 
associated with secondary leukemias in patients whose previous therapy included 
topoisomerase II inhibitors, as well as in infants less than 1 year of age with acute 
leukemia [15, 16]. Chromosomal translocations at this locus were found to disrupt 
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the human trithorax gene (HRX) and resulted in expression of a chimeric protein 
containing the DNA binding domain of HRX fused to various translocation protein 
partners [17]. A subsequent review of 96 infants with ALL treated on Pediatric 
Oncology Group (POG) protocols demonstrated that 81% had molecular evidence 
of a HRX (subsequently renamed MLL or KMT2A) rearrangement [18]. These cases 
were associated with younger age at diagnosis, higher WBC count at diagnosis, and 
poor prognosis.

Extensive characterization of infant ALL has demonstrated KMT2A-r as a clear 
oncogenic driver. While 94 distinct direct translocation partner genes have been 
identified, the vast majority of infant ALL cases are characterized by KMT2A-r 
involving the AFF1 (49%), MLLT1 (22%), MLLT3 (16%), and MLLT10 (6%) genes 
[19]. Most of these rearrangements occur between exon 9 and intron 11 in the major 
breakpoint cluster region of the KMT2A gene and result in a fusion transcript which 
encodes for the N-terminus of the MLL protein (MLL-N), fused in frame with its 
translocation partner. The MLL-N contains key functional domains including a 
domain for binding Menin, AT-hook motifs (DNA-binding domains), two speckled 
nuclear localization domains, and two repression domains [20]. The wild-type MLL 
protein is proteolytically cleaved into the N-terminal fragment and the C-terminal 
fragment, which then associate within a multiprotein complex that regulates 
chromatin modification and gene expression, specifically in genes involved in 
embryogenesis, hematopoiesis, and stem cell function [20].

Early studies exploring the mechanisms of leukemic transformation in infant 
ALL have postulated that the KMT2A translocation is the sentinel event in KMT2A-r 
infant leukemia and is sufficient to act as the sole driver for leukemic transforma-
tion. KMT2A-r infant ALL has a nearly 100% concordance rate in monozygotic 
twins with evidence of a shared molecularly identical clone confirming an in utero 
origin [21]. The short latency of KMT2A-r leukemia, occurring within the first year 
of life for infants and within 2 years for those that develop therapy-related second-
ary KMT2A-r leukemia, also suggests the translocation event may be sufficient for 
leukemic transformation. Our understanding of the molecular drivers of 
leukemogenesis has been advanced by recent insights revealed through the 
application of next-generation sequencing. Infant ALL with KMT2A-r is notable for 
an extremely low frequency of somatic mutations (1.3 non-silent mutations per case 
in the dominant clone) [22–24]. The most frequent co-occurring mutations can be 
found within the tyrosine kinase-PI3K-RAS signaling pathways [22, 24]. RAS 
family mutations are often subclonal and demonstrate a heterogeneous pattern of 
clonal evolution [25]. RAS pathway mutations have been associated with a high 
WBC at diagnosis and glucocorticoid resistance and confer a proliferative advantage 
[25]. Additionally, while activating mutations in FLT3 are not commonly seen, 
expression profiling has demonstrated significant upregulation of FLT3 gene 
expression in KMT2A-r infant ALL, with high-level gene expression of the wild- 
type protein associated with phosphorylation and activation of the protein [20]. 
Furthermore, abnormal DNA methylation is a striking feature of infant ALL blasts 
with KMT2A-r and provides a potential target for epigenetic therapies [26–30].
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Leukemias with KMT2A-r are notable for their high-level expression of HOX 
cluster genes and the HOX cofactor MEIS1 [31, 32]. These genes are normally 
expressed in hematopoietic stem cells and progenitors, with decreasing expression 
as cells differentiate [33]. Recruitment of the MLL fusion protein (MLL-FP) to loci 
of target genes is facilitated by the interaction with the polymerase-associated factor 
complex (PAFc) and the trimolecular complex comprising MLL, Menin, and the 
chromatin-binding protein lens epithelium-derived growth factor (LEDGF), which 
have been found to be critical for MLL-FP-mediated leukemic transformation [34]. 
The MLL-FP recruits components of the super elongation complex (SEC), which 
includes MLL fusion partners (AFF1, AFF4, AF9, and ENL); the elongation factors 
ELL2, ELL3, EAF1, and EAF2; and the positive transcription elongation factor b 
(P-TEFb), which promotes transcriptional elongation through phosphorylation of 
RNA polymerase II. The AF9 and ENL fusion partners also form components of the 
DotCom complex, which includes AF10 and AF17, and the H3K79 methyltransferase, 
DOT1L. Recruitment of DOT1L to target genes by corresponding MLL-FPs can 
further promote transcriptional activation, with increased levels of H3K79 
methylation found at MLL-FP targeted genomic loci such as HOXA9 and MEIS1 
(Fig. 6.2) [35, 36]. Importantly, constitutive expression of HOXA9 ex vivo results in 
immortalization of hematopoietic progenitors [37]. Similarly, constitutive activa-
tion leads to stem cell-like properties found in KMT2A-r leukemias and is required 
for their survival.

Given the relatively simple genetic background of KMT2A-r leukemia, it has 
been an attractive model to explore mechanisms of leukemogenesis. Mouse models 
have demonstrated that differences in KMT2A fusion partner, cell of origin, timing 
of expression, and the microenvironment can influence the resulting 
immunophenotype (B-ALL, AML, T-ALL, or mixed phenotype acute leukemia) 
and latency of leukemia development [38]. Early models of KMT2A-MLLT3-driven 
leukemia demonstrated a strong bias toward myeloid disease. In these models, 
expression of the fusion transcript in primitive long-term hematopoietic stem cells 
resulted in shorter latency and more resistance to chemotherapy than those derived 
from differentiated granulocyte-macrophage progenitors [39]. This suggests that 
the chemotherapy-resistant disease seen in infant ALL may be related to a more 
primitive cell of origin. Subsequent studies expressing the KMT2A-MLLT3 fusion 
in fetal liver cells revealed the potential for lymphoid leukemia, and newer models 
using genetic engineering to express the KMT2A-MLLT3 or KMT2A-MLLT1 
oncogenes from the endogenous KMT2A locus in cord blood-derived CD34+ cells 
led to ALL, AML, and mixed lineage leukemias (KMT2A-MLLT3) and ALL 
(KMT2A-MLLT1) in xenografts, demonstrating the potential plasticity of these 
leukemias based on cell of origin and the microenvironment [40, 41]. While 
KMT2A-AFF1-driven leukemia models have proven more challenging to develop, a 
recent model using a human/murine cDNA hybrid fusion transcript for KMT2A-Aff1 
resulted in a pro-B ALL that more accurately recapitulates the immunophenotype 
and molecular features of human KMT2A-AFF1 ALL [42]. Additionally, a recently 
identified CD10-negative Pre-Pro-B-cell progenitor found in fetal liver and fetal 
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bone marrow may serve as a potential cell of origin and provide additional insight 
into the unique biology found in infant leukemia [43].

 Treatment

Treatment for infants with ALL has evolved significantly over time [44]. Infants 
were initially treated by individual study groups on childhood ALL protocols. The 
unfavorable prognosis carried by infants diagnosed at less than 1 year of age led to 
risk adaptation within childhood ALL studies, with stratification of infants to high- 
risk regimens. Combined analysis of infants enrolled on successive childhood ALL 
protocols led to the identification of several independent risk factors associated with 
an inferior outcome, including presence of KMT2A-r, hyperleukocytosis at 
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presentation, absence of CD10 antigen, age less than 6 months at diagnosis, and 
poor response to initial prednisone therapy [9, 45, 46]. Outcomes of infants treated 
on childhood ALL protocols remained poor, and the number of infants recruited by 
each individual study group was limited. This limitation was pivotal in stimulating 
the development of infant-specific ALL protocols facilitated by collaboration of 
study groups. The outcomes for infant-specific ALL studies are summarized in 
Table 6.1.

The first US-based infant-specific ALL trials were conducted by the Children’s 
Cancer Group (CCG-107 and CCG-1883) and the Pediatric Oncology Group (POG 
8493 and POG 9107). Compared to infants treated on childhood ALL protocols, 
these studies introduced the concept of delivering intensified therapy to infants, 
demonstrating a progressive, modest improvement in survival; however outcomes 
remained poor with marrow relapse being the primary cause of treatment failure 
[12, 47, 48]. The CCG studies successfully replaced cranial radiotherapy with 
intrathecal and high-dose systemic therapy as an effective strategy for central 

Table 6.1 Summary of published results for infant-specific collaborative group acute 
lymphoblastic leukemia protocols

Group Study Year
Number 
analyzed

RI 
rate 
(%)

5-year 
EFS 
(%)

5-year 
OS (%)

5-year EFS 
KMT2A-R 
(%)

5-year EFS 
non- 
KMT2A- R 
(%) References

CCG CCG-107 1984–1988 98 87.8 32.6 42.8 – – [12, 48]

CCG-1883 1989–1993 135 94.1 37.6 50.2 – –

CCG-1953 1996–2000 115 82.5 43.2 46.8 33.6 60.3 [48, 49]

POG POG 8493 1984–1990 84 89.3 25.0 31.6 – – [47]

POG 9107 1991–1993 47 89.4 31.9 40.2 – –

POG 9407 
(cohorts 
1 + 2)

1996–2000 68 – 47.0 53.0 – – [51]

COG P9407 
(cohort 3)

2001–2006 141 91.8 42.3 52.9 35.5 69.7 [4]

UK 
CLWP

Infant 87 1987–1999 40 92.5 22.5a 30.0a – – [54, 55]

Infant 92 86 94.2 29.0a 42.5a – –

Interfant Interfant-99 1999–2005 478 93.9 46.5a 53.8a 36.4b 74.5b [2, 3]

Interfant-06 2006–2016 651 92.9 46.1a 58.2a 36.4a 73.9a [2]

JILSG MLL96 1995–1998 55 94.1 50.9 60.5 38.6 95.5 [57]

MLL98 1998–2001 47

JPLSG MLL03 2004–2009 62 67.7 43.2b 67.2b 43.2b – [6]

MLL-10 2011–2015 90 91.1 70.9 85.0 66.2 93.3 [13]

CCG Children’s Cancer Group, COG Children’s Oncology Group, EFS event-free survival, JILSG 
Japan Infant Leukemia Study Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study 
Group, OS overall survival, POG Pediatric Oncology Group, RI remission induction, UK CLWP 
United Kingdom Childhood Leukemia Working Party (UK CLWP studies included 9 patients 
between 12 and 18 months of age with biological features of infant ALL)
a6-year EFS and OS
b4-year EFS and OS
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nervous system (CNS) prophylaxis, whereas the POG studies were able to 
demonstrate low rates of isolated CNS relapse with triple intrathecal therapy. The 
subsequent parallel POG 9407 (cohorts 1 and 2) and CCG-1953 protocols 
implemented further early treatment intensification, which led to a reduction in 
relapse rate; however this was countered by excessive treatment-related morbidity 
and mortality [48–51]. When CCG and POG merged to form the Children’s 
Oncology Group (COG), amendments were made to P9407, and cohort 3 received 
a short infusion of daunorubicin rather than continuous infusion and prednisone 
rather than dexamethasone [51]. Despite a reduction in the rate of early deaths 
compared to preceding cohorts, cohort 3 experienced a high rate of relapse, resulting 
in relatively unchanged outcomes. Independent factors associated with an inferior 
outcome included age ≤90 days at diagnosis, hyperleukocytosis at presentation, and 
presence of KMT2A-r [4]. The successor COG study, AALL0631, also required an 
initial amendment to reduce the intensity of induction therapy due to excessive 
toxicity [52]. COG AALL0631 was pivotal in being the first study to demonstrate 
the safety and feasibility of adding a novel targeted therapy to post-induction 
chemotherapy for infants with KMT2A-r ALL.  Although addition of the FLT3 
inhibitor, lestaurtinib, did not improve overall outcomes, benefit was shown for a 
subset of patients who achieved potent pharmacodynamic inhibition of FLT3 and 
whose leukemia cells were sensitive to ex vivo FLT3 inhibition, highlighting the 
need for identification and selection of infants with ALL that may be sensitive to 
novel agents in future studies [5, 53]. This study also demonstrated that flow 
cytometry-based MRD, detected at a level of ≥0.01% in the bone marrow, is a pow-
erful predictor of EFS for infants with KMT2A-r ALL [8]. The COG AALL15P1 
pilot study has recently completed accrual and aims to test the tolerability and bio-
logic activity of adding 5-day cycles of azacitidine, a demethylating agent, prior to 
each block of chemotherapy following induction (NCT02828358). St Jude 
Children’s Research Hospital is also conducting a pilot trial, testing the safety of 
bortezomib, a proteasome inhibitor, and vorinostat, a histone deacetylase inhibitor, 
on a chemotherapy backbone (NCT02553460).

The first infant-specific studies conducted by the United Kingdom Childhood 
Leukemia Working Party, Infant 87 and Infant 92, drew similar conclusions to the 
early CCG and POG studies, identifying significant treatment-related toxicity and 
high relapse rates despite delivering increased therapeutic intensity [54, 55]. The 
Interfant Study Group subsequently formed in 1999 and currently comprises of over 
20 international and national study groups. The first trial of the Interfant Study 
Group, Interfant-99, employed a hybrid treatment schedule, composed of elements 
used in the treatment of both ALL and AML. No additional benefit was seen for 
infants who were randomized to a late intensification course [3]. This study was 
notably the first in infants to identify the prognostic impact of detectable MRD in 
the bone marrow following induction and consolidation [11]. A significantly higher 
relapse rate was identified for congenital ALL, defined as diagnosis in the first 
month of life [10]. The outcome for infants who relapsed on Interfant-99 was dismal 
with 3-year overall survival of 20.9% for all patients and 24.9% for those treated 
with curative intent [56]. The subsequent study, Interfant-06, showed no benefit of 
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early post- induction intensification with myeloid compared to lymphoid-based che-
motherapy for KMT2A-r infant ALL and no improvement in overall outcome com-
pared to Interfant-99 [2]. Both studies affirmed the presence of KMT2A-r, age less 
than 6 months at diagnosis, and poor response to initial prednisone therapy as inde-
pendent adverse prognostic factors for outcome, with hyperleukocytosis at presen-
tation also identified as an adverse prognostic factor on Interfant-06 [2, 3]. The 
Interfant Study Group has recently completed accrual for a pilot study testing the 
feasibility, safety, and efficacy of adding one post-induction course of the monoclo-
nal antibody blinatumomab, a bi-specific T-cell engager, to the standard Interfant-06 
chemotherapy backbone for infants with KMT2A-r ALL (EudraCT 2016-004674-17).

In Japan, allogeneic HSCT has historically been the standard approach for treat-
ing infants with KMT2A-r ALL. Two consecutive protocols, MLL96 and MLL98, 
scheduled HSCT following induction and three courses of post-remission intensifi-
cation. These studies identified a high proportion of relapses between first complete 
remission and HSCT, indicating the need for more effective post-remission therapy 
[57]. Infants with relapsed/refractory disease fared poorly with 5-year overall sur-
vival of 25.6%, with failure to achieve remission after salvage therapy indepen-
dently identified as a poor prognostic factor [58]. The MLL03 study conducted by 
the Japanese Pediatric Leukemia/Lymphoma Study Group (JPLSG) built on find-
ings of the preceding studies with the aim of early phase HSCT, within 4 months of 
initial induction. Although this strategy was able to effectively prevent early relapse 
and enabled patients to receive HSCT, there was a low overall complete remission 
rate and a substantial number of infants relapsed following HSCT, highlighting the 
limited efficacy of HSCT for treatment of infants with KMT2A-r ALL [6]. As such, 
the subsequent JPLSG MLL-10 study risk stratified infants to spare HSCT in non-
high-risk patients and introduced early intensification of therapy with the inclusion 
of high-dose cytarabine within an early consolidation phase following induction, 
leading to significantly improved outcomes. Clearance of MRD at the end of the 
early consolidation phase was confirmed as an independent prognostic factor for 
favorable outcome [13].

The indications for use of allogeneic HSCT for treatment of infants with ALL 
remain unresolved. Findings are limited by the absence of a randomized study 
comparing HSCT to chemotherapy alone, and analysis of prior studies is subject 
to selection bias of higher-risk infants for HSCT. All study groups have demon-
strated that infants without KMT2A-r have acceptable outcomes using an intensive 
chemotherapy approach without requiring HSCT [2–4, 13, 49, 57]. For KMT2A-r 
infants, the COG demonstrated no difference in outcome between those that 
received HSCT compared to those that received chemotherapy alone [59]. The 
Interfant-99 study was able to demonstrate benefit for HSCT; however this was 
restricted to a high-risk subgroup of KMT2A-r infants who were less than 6 months 
of age at diagnosis and either had a poor prednisone response or hyperleukocytosis 
at diagnosis [60]. The JPLSG MLL-10 study achieved good outcomes by limiting 
HSCT to high-risk KMT2A-r infants who were less than 6 months of age at diag-
nosis or had CNS involvement [13]. Given these findings, HSCT is reserved for a 
high- risk subset of infants with KMT2A-r ALL on Interfant and JPLSG studies and 
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is omitted from COG protocols. Given the emergence of novel therapies and 
increasing recognition of late effects in survivors of infant leukemia following 
HSCT, this treatment modality is likely to be utilized even less frequently in the 
future [57, 61].

 Future Directions

Novel strategies are desperately needed for the treatment of infant ALL with 
KMT2A-r. Preclinical models have generated evidence for several potential drug 
targets, including inhibition of DOT1L, FLT3, DNA methyltransferase, histone 
deacetylase, BCL-2, and the Menin-MLL interaction. Molecularly targeted therapy 
with DOT1L inhibition did not produce the desired results in a clinical trial of 
relapsed KMT2A-r leukemia in adults, but different DOT1L inhibitors remain under 
investigation in preclinical studies [62, 63]. As discussed, FLT3 inhibition may have 
failed to improve overall outcomes in COG AALL0631, but could be beneficial for 
a select cohort of infants with KMT2A-r ALL whose leukemic blasts display in vitro 
sensitivity to FLT3 inhibition [5, 53]. A small molecule inhibitor of the Menin-MLL 
interaction has entered a first-in-human trial (NCT04065399) after showing marked 
activity in KMT2A-r preclinical models, including infant ALL, and may be feasible 
to investigate in infants in the near future [64]. Currently, the COG is developing a 
phase 2 trial of venetoclax, a BCL-2 inhibitor, in combination with chemotherapy 
for the treatment of infants with KMT2A-r ALL. BCL-2 inhibition has shown activ-
ity against KMT2A-r ALL in preclinical models, and venetoclax has been identified 
as a promising therapeutic agent for KMT2A-r infant ALL [65–67].

Immunotherapy is likely to form an important component of future clinical trials 
for infant ALL. Immunotherapy has led to remarkable improvements in outcomes in 
the treatment of relapsed childhood ALL, but its applicability to infant ALL remains 
unclear [68–71]. Chimeric antigen receptor T-cell (CAR T-cell) therapy, either 
autologous or off-the-shelf, is available to infants at relapse in some countries, 
although the efficacy of CAR T-cell therapy in infants is not yet known [72, 73]. 
CAR T-cell therapy is an attractive alternative to upfront chemotherapy for infants 
with ALL, but is not without potential challenges. These challenges may include 
inability to harvest sufficient T-cells, exhaustion of T-cells following chemotherapy, 
and the potential for lineage switch to myeloid leukemia at relapse [74]. The results 
of early CAR T-cell studies in infants with relapsed or refractory ALL and the 
results of the Interfant Study Group’s pilot blinatumomab trial in upfront therapy 
will be very informative to the development of future treatment approaches. Further 
investigation of anti-CD22 therapy with inotuzumab ozogamicin may also be 
warranted, following promising findings from a retrospective study in a small cohort 
of infants and young children with relapsed or refractory ALL [75].
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 Conclusion

Infant ALL remains a high-risk subtype of childhood ALL, with no major advances 
in therapy nor improvements in outcome over several decades. This can be attributed, 
at least in part, to the characteristic chemotherapy refractory nature of KMT2A-r 
infant ALL. A number of novel treatment strategies have shown strong preclinical 
evidence of efficacy. Any therapy that successfully targets KMT2A-r has the potential 
to result in a major breakthrough for this disease. The international infant ALL 
research community is actively collaborating to discover molecular targets, test 
agents in preclinical models, and implement clinical trials, with the primary aim to 
prioritize improvements in outcome for infants with ALL.
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Chapter 7
Treatment of Elderly Patients with Acute 
Lymphoblastic Leukemia

Marc Schwartz and Matthew Wieduwilt

 Introduction

 Epidemiology and Outcomes in Older ALL

In the United States in 2019, acute lymphoblastic leukemia (ALL) represented 0.3% 
of new cancer cases or approximately 6000 cases, with a median age at diagnosis of 
16 years old. Approximately half of these cases occurred in the pediatric/adolescent 
population (<20 years old). While 21.7% of new ALL cases from 2012 to 2016 in 
the United States occurred in patients aged 55 years or older, 52.2% of all deaths 
related to ALL occurred in this older age group [1]. The age definition for the term 
“older adult” is heterogeneously defined, and in this chapter it will refer to adults 
55–65 years of age and older consistent with previous reviews on this topic [2].

Long-term survival for ALL in both the pediatric and adolescent/young adult 
(AYA) populations has improved dramatically over the last five decades in large part 
due to high rates of participation in large randomized cooperative group trials and 
possibly adoption of pediatric-inspired chemotherapy regimens in AYAs [3–4]. 
Improvements in survival for older adults have been minimal, however, with long- 
term survival rates still less than 20% [5–7]. Poor outcomes in older adults are 
attributed in part to poor tolerance of intensive chemotherapeutic regimens resulting 
in high rates of induction mortality and death in remission. Comorbidity scores such 
as the Charlson Comorbidity Index (CCI) and Hematopoietic cell transplant 
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comorbidity index (HCT-CI) predict early death rates with induction chemotherapy 
in ALL and may be routinely assessed in older adults when making decisions about 
initial therapy [8].

 Biology of ALL in Older Adults

ALL in older adults has distinct cytogenetic and molecular features compared to the 
pediatric and AYA populations [9–12]. Phenotypically, the vast majority of ALL in 
older adults is B-lineage ALL, while T-lineage ALL is rare [11–12]. Philadelphia 
chromosome (Ph)-positive ALL is characterized by the t(9;22)(q34;q11) transloca-
tion that creates an activated fusion protein between BCR and the tyrosine kinase 
ABL1 (BCR-ABL1). The incidence of Ph-positive ALL increases with age and has 
been reported to occur in 25–50% of older patients in different series [11–14]. Since 
the development of highly effective BCR-ABL1 tyrosine kinase inhibitors (TKIs), 
Ph positivity is not a consistent risk factor for poor survival as in the past in older 
adults and may confer better survival than Ph-negative ALL [13–14]. Philadelphia 
chromosome-like (Ph-like) ALL is characterized by a gene expression profile simi-
lar to Ph + ALL but without the BCR-ABL1 fusion. Ph-like ALL is typically associ-
ated with other kinase-activating alterations including CRLF2 rearrangements often 
in association with activating JAK protein mutations, ABL class fusions, and JAK2, 
CSF3R, or EPOR rearrangements [16]. The incidence of Ph-like ALL increases 
with age with a peak in younger adults (21–39 years old) and incidence of approxi-
mately 20–25% in older adults and is associated with poor responses to conven-
tional chemotherapy [17–19]. In addition, KMT2A (MLL) alterations confer a poor 
prognosis and are more common in adult ALL accounting for approximately 8% of 
cases. Other genetic aberrations associated with poor outcomes that have been 
found to be enriched in older adults include t(14;18)(q32;q21), low hypodiploidy 
(31–39 chromosomes), complex karyotype, TP53 mutations, and Ikaros (IKZF1) 
deletions [11–12, 15, 20–23]. T-cell ALL is uncommon in older adults and the 
genetics in older ALL is not well characterized. In T-cell ALL or lymphoblastic 
lymphoma patients in general, activating mutations in NOTCH1 and mutations in 
FBXW7, a regulator of NOTCH1 degradation, are present in approximately 60% 
and 15% of cases, respectively [24–28]. Mutations in NOTCH1 and FBXW7 have 
been associated with a favorable early treatment response and better prognosis in 
some studies [29–33]. Therapy-related ALL (t-ALL) is a recently recognized entity 
defined by previous exposure to genotoxic therapy (chemotherapy or radiation) and 
is reported to comprise ~3–9% of adult ALL with median age at onset of 55–61 years. 
t-ALL cases are enriched for KMT2A rearrangements and MDS-like abnormalities 
such as monosomal karyotypes. Compared to ALL without history of genotoxic 
therapy exposure, t-ALL is associated with worse prognosis although this may be 
overcome with allogeneic HCT [34–35].
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 Treatment of Ph-Negative ALL in Older Adults

Curative-intent therapy for older adults with Ph-negative B-cell and T-cell ALL has 
historically entailed treatment with “adult” chemotherapy regimens that include 
high doses of myelosuppressive agents including an anthracycline often with cyclo-
phosphamide together with vincristine, corticosteroids, and intrathecal therapy. 
Asparaginase, a cornerstone of treatment in younger patients, is not routinely given 
to older patients given high levels of toxicity in older adults. Older adults treated 
with these “adult” regimens have higher rates of infection and induction mortality, 
greater requirements for chemotherapy dose reductions or holds, and worse long- 
term survival compared to younger adults [36–38]. Lower-intensity “elderly” che-
motherapy protocols are more tolerable in older adults, but long-term survival is 
about 20–30% due to high rates of relapse [39–43].

Compared to adult ALL regimens, pediatric-inspired regimens contain higher 
cumulative doses of the non-myelosuppressive agents including asparaginase, vin-
cristine, and corticosteroids, as well as intensified CNS prophylaxis and lower 
cumulative doses of myelosuppressive drugs. Treatment of younger adults with 
intensive, asparaginase-containing, pediatric-style regimens results in long-term 
cure rates of 50–70%, an improvement over historical results achieved with “adult” 
regimens for this age group [4, 44]. The tolerability of pediatric-inspired regimens 
decreases significantly around 40–55 years of age where the benefit of the pediatric 
approach appears to be similar to less toxic regimens. This is due in part to increased 
asparaginase-related toxicity, which manifests as higher induction mortality and a 
high incidence of hepatotoxicity, thrombosis, pancreatitis, and hyperglycemia with 
increasing age [45–48]. In an ongoing phase II trial testing a pediatric-inspired regi-
men with two doses of pegylated asparaginase at 1000 U/m2 given during induction 
for adults aged 25–65 years, induction death occurred in 18% of the first 90 patients 
treated and was associated with age (>40 vs ≤40 years old; OR = 18.5, p = 0.01), 
prompting investigators to amend the protocol such that a single dose of pegylated 
asparaginase at 1000 U/m2 will be administered for adults >40 years of age [49]. 
The Dana Farber consortium showed the feasibility of giving older adults >50 years 
of age a low dose of pegylated asparaginase (500 U/m2) during induction; however 
higher doses that were initially administered (2000  U/m2 or 1500  U/m2) in this 
phase II protocol resulted in unacceptable rates of severe hepatotoxicity [50]. Other 
groups have shown that age-adapted pediatric-inspired protocols are feasible in 
older adults and may result in improved outcomes compared with less intensive 
regimens [51, 52]. Due to the small number of patients on clinical trials, little data 
exists to help guide different treatment for T-cell ALL, relative to B-cell ALL, in 
elderly patients. T-cell ALL in the elderly is typically managed with regimens used 
in Ph-negative B-cell ALL, and reported outcomes seem similar. An analysis of 100 
older patients aged 55–65 years treated on UK ALLXII/E2993 demonstrated simi-
lar 5-year EFS between B-cell and T-cell ALL patients [38].

As we have reached or exceeded the limits of chemotherapy tolerability in older 
adults, the development and approval in the relapsed/refractory ALL setting of 
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highly active targeted therapies with manageable toxicities holds promise to extend 
more effective and safer treatment options to older patients with newly diagnosed 
Ph-negative B-cell ALL. Inotuzumab ozogamicin is a CD22-targeted antibody-drug 
conjugate that when internalized in B-lymphoblasts releases ozogamicin inside the 
cell leading to DNA damage and cell death. In a phase III study in adults aged 
18–79  years with relapsed or refractory B-cell ALL, inotuzumab ozogamicin 
achieved a high CR rate of 74% versus 31% with standard chemotherapy 
(P < 0.0001) [53]. Blinatumomab is a CD19-targeted bi-functional T-cell engaging 
antibody that directs a patient’s own T-cells to cells expressing CD19 leading to 
cytotoxic T-cell activation and targeted killing of B-lymphoblasts and normal 
B-cells. In a phase III study of blinatumomab in adults with relapsed or refractory 
B-cell ALL, the overall CR rate was 44% versus 25% with chemotherapy (P < 0.001) 
with an MRD negativity rate of 76% versus 48% with chemotherapy. Therapy dis-
continuation occurred in 12% of blinatumomab patients, 4% for neurologic toxicity 
and 1% for cytokine release syndrome [54].

Numerous promising approaches are being explored with these two drugs in 
frontline treatment of adult B-cell ALL. A number of large studies are evaluating 
inotuzumab ozogamicin in the frontline setting for adults with B-cell ALL either 
combined with chemotherapy (EWALL-INO, NCT03249870; MD Anderson 
2010-0991, NCT01371630; ALL 001, NCT03962465), given as blocks of inotu-
zumab ozogamicin alone before or between blocks of cytotoxic chemotherapy 
(GMALL INITIAL-1, NCT03460522; Alliance 041501, NCT03150693; 
ALLTogether1, NCT04307576), or in sequence before blinatumomab (Alliance 
041703, NCT03739814). The combination of inotuzumab ozogamicin with hyper- 
fractionated cyclophosphamide, vincristine, and dexamethasone (miniHyperCVD) 
with or without subsequent blinatumomab is being explored in older adults with 
Ph-negative B-cell ALL at MD Anderson (NCT01371630). In a propensity score 
analysis comparing the regimen with historical hyperCVAD-treated patients, early 
results show a high overall CR rate of 98% versus 88%, and induction mortality of 
0% versus 8%, respectively. Comparing survival for inotuzumab ozogamicin with 
miniHyperCVD to hyperCVAD, 3-year overall survivals were 63% and 34% 
(P = 0.004), and 3-year event-free survivals were 64% and 34% (P = 0.003), respec-
tively [55]. Although randomized studies and longer follow-up are needed, the 
results to date support the concept that less intense therapy incorporating inotu-
zumab ozogamicin and/or blinatumomab may improve outcomes for older patients 
with Ph-negative ALL.

Blinatumomab is also being actively studied as part of frontline therapy in adults, 
including older adults, fit for intensive chemotherapy (ECOG 1910, NCT02003222; 
GRAALL-QUEST, NCT03709719; LAL2317, NCT03367299; HOVON146ALL, 
NCT03541083), and results of these studies are eagerly awaited. Even less toxic 
approaches, foregoing traditional cytotoxic chemotherapy in induction altogether, 
are being pursued for older and less fit patients in the front line including blinatu-
momab alone followed by POMP (mercaptopurine, vincristine, methotrexate, pred-
nisone) maintenance (SWOG 1318, NCT02143414) and inotuzumab ozogamicin 
followed by blinatumomab without maintenance (Alliance 041703, NCT03739814). 
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A preliminary report of SWOG 1318 reported outcomes of 29 older patients with a 
median age of 75  years (range 66–84  years) with newly diagnosed Ph-negative 
B-cell ALL. The overall complete response rate was 66% with an MRD negativity 
rate of 92%. Frontline blinatumomab was very well tolerated with no deaths in 
induction (through day 28), one case of grade 3 cytokine-release syndrome, and one 
case of grade 3 neurotoxicity. With 1-year median follow-up, DFS and OS were 
65% and 56%, respectively [56].

Currently there is no single standard of care chemotherapy regimen for older 
adults with untreated Ph-negative ALL although the experience with intensive 
adult-type or pediatric-based chemotherapy regimens suggests that these regimens 
result in excessive toxicity and poor outcomes in most older adults. On the other 
hand, age-adapted regimens may be appropriate for a select group of very fit older 
patients. When available, enrollment on clinical trials, especially those trials pursu-
ing less toxic regimens with promising efficacy, is recommended for all older adults 
with ALL. See Table 7.1 for the summary of selected regimens and Table 7.2 for 
novel regimens.

 Treatment of Ph-Positive ALL in Older Adults

Prior to the advent of BCR-ABL1 targeted TKIs, older adults with Ph-positive ALL 
had 5-year survival rates of approximately 10%. This was attributable to intrinsic 
chemotherapy resistance of Ph-positive ALL, high induction death rates in older 
adults, and ineligibility for myeloablative allogeneic HCT [57]. With an excellent 
single-agent activity and safety profile, tyrosine kinase inhibitors (TKIs) have 
become cornerstones of the management of all patients with Ph-positive disease, 
and their incorporation into frontline regimens has allowed for de-escalation of 
cytotoxic therapies in induction. The addition of imatinib to a standard intensive 
chemotherapy backbone in adults with Ph + ALL improved outcomes, in large part 
by facilitating allogeneic HCT [58, 59]. In a prospective trial of imatinib added to 
the hyperCVAD backbone in adults with Ph + ALL, 5-year survival was 43% but 
was significantly worse for adults aged >60 years compared to ≤60 (median OS 
16.4 vs 87.2 months) [60].

The second-generation TKIs dasatinib and nilotinib appear superior to imatinib 
due to activity against a wider spectrum of BCR-ABL1 kinase domain mutations 
that confer resistance to imatinib and, in the case of dasatinib, penetration into the 
central nervous system [61, 62]. A prospective trial of dasatinib plus hyperCVAD in 
72 adults with a median age of 55 (range 21–80; n = 46/70 age ≥60) reported an 
impressive 5-year survival of 52% [63]. A multicenter SWOG-led study evaluated 
dasatinib with hyperCVAD followed by allogeneic HCT for patients up to 60 years 
old with a matched donor. In a landmark analysis, survival at 3 years was superior 
in those receiving allogeneic HCT vs those who continued on dasatinib with hyper-
CVAD alone (HR 0.35, 95% CI 0.12–0.97, P  =  0.037) supporting an ongoing 
important role for allogeneic HCT when using second-generation TKI-based 
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regimens [59]. CALGB 10701 used dasatinib plus dexamethasone induction in 
adults ≥18 years, with patients age 18–70 years undergoing reduced-intensity con-
ditioning (RIC) allogeneic HCT in remission if they had a HLA-matched donor and 
autologous HCT if they did not. Patients >70 years of age or unable to undergo HCT 
received maintenance chemotherapy. The 3-year survival was 55% for the entire 
group, with those who underwent protocol-specified allogeneic HCT, autologous 
HCT, or chemo having 3-year survivals of 75%, 71%, and 55%, respectively [62]. 
Multiple studies have shown excellent results with autologous HCT in Ph-positive 
B-cell ALL with long-term survival similar between allogeneic and autologous 
HCTs [64–66]. Although haploidentical HCT may now be expanding donor options 
for patients, autologous HCT may still be considered for some older, fit patients.

Ponatinib, a third-generation TKI, may have an advantage over both imatinib and 
second-generation TKIs due to its activity against the BCR-ABL1 T315I resistance 
mutation present in approximately 75% of Ph + ALL cases relapsing on or after 
dasatinib-based therapy [62, 67]. A prospective trial of ponatinib plus hyperCVAD 
in adults with median age 46 years (range 21–80 year; n = 20/86 age ≥60) reported 

Table 7.2 Selected ongoing frontline studies of novel agents for older adults with ALL

Study NCT Identifier Phase Ph
Age 
(years) Treatment

SWOG 1318 NCT02143414 II − ≥65 Blinatumomab followed by POMP 
maintenance

Alliance 041703 NCT03739814 II − ≥60 Inotuzumab ozogamicin followed by 
blinatumomab

MDACC NCT01371630 II − ≥65 Inotuzumab ozogamicin + low 
intensity chemo +/− blinatumomab, 
followed by POMP maintenance

EWALL-INO NCT03249870 II − ≥55 Inotuzumab ozogamicin + low 
intensity chemo

ECOG 1910 NCT02003222 III − 30–70 Modified ECOG2993 chemotherapy → 
MRD- after intensification randomized 
to blinatumomab blocks versus no 
blinatumomab in consolidation

HOVON146ALL NCT03541083 II − 18–70 Chemotherapy with 3 cycles of 
blinatumomab given during prephase, 
consolidation, and prior to alloHCT or 
maintenance

GIMEMA NCT02744768 II + ≥18 Dasatinib + prednisone followed by 
blinatumomab

SWOG 1318 NCT02143414 II + ≥65 Dasatinib + prednisone followed by 
blinatumomab

MDACC NCT03263572 II + ≥60 Ponatinib + blinatumomab

Abbreviations: Ph Philadelphia chromosome, SWOG Southwest Oncology Group, POMP mercap-
topurine, vincristine, methotrexate, prednisone, Alliance Alliance for Clinical Trials in Oncology, 
MDACC MD Anderson Cancer Center, EWALL European ALL Working Group, ECOG Eastern 
Cooperative Oncology Group, MRD minimal residual disease, HOVON Dutch-Belgian Hemato- 
Oncology Cooperative Group, GIMEMA Gruppo Italiano Malattie EMatologiche dell’Adulto
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3-month complete molecular response (CMR) rate of 74% and 3-year survival of 
78%. Due to high incidence of cardiovascular events, several dose modifications of 
ponatinib were made. A final dosing scheme of 45 mg days 1–14 during induction, 
30 mg daily continuously starting with the second cycle, and then 15 mg daily once 
a CMR was achieved appeared to be safer [68, 69]. In adults aged 27–85 years with 
Ph-positive ALL, ponatinib 45 mg oral daily plus corticosteroids has been shown to 
be safe and effective with CR rate at 6  weeks of 95%, a marrow CMR rate at 
24 weeks of 46%, and a 1-year OS of 88%. One patient died of complications pos-
sibly related to ponatinib [70]. Although initial results are promising, longer follow-
 up is needed in all ponatinib studies to understand the curative potential and potential 
late toxicities of ponatinib-based regimens.

Lower-intensity approaches in older adults with Ph + ALL involving a TKI in 
combination with corticosteroids alone or low-intensity chemotherapy do not com-
promise hematologic remission rates compared to intensive approaches and should 
therefore be offered to older and less fit adults [62, 67, 71–75]. Remission rates with 
these approaches are 95–100% with almost no induction deaths. Optimal post- 
remission therapy after TKI with corticosteroid or low-intensity chemotherapy 
induction aiming to eliminate TKI-resistant clones is not well defined, although 
allogeneic HCT appears to provide the most durable remissions but with consequent 
transplant-related morbidity and mortality [62, 67]. Whether TKIs in combination 
with intensive chemotherapy provide an advantage over lower-intensity approaches 
for fit older adults with Ph + ALL is unclear, although at least one study showed no 
difference in survival in adults up to age 60 treated with a low- versus high-intensity 
chemotherapy combination plus imatinib [72]. For many older patients, there is 
poor tolerability of allogeneic HCT and intensive chemotherapy leaving them with 
few effective options for post-remission therapy as relapse rates with maintenance 
TKI alone are high, at least with first- and second-generation TKIs. The ongoing 
D-ALBA study (NCT02744768) treated 63 patients age 24–82 years with Ph-positive 
ALL with dasatinib and prednisone followed by 2–5 courses of blinatumomab. In a 
2019 presentation of interim results, investigators reported 12-month OS and DFS 
of 94% and 88%, respectively [76]. Two US cooperative group studies are studying 
TKI with corticosteroid induction follow by blinatumomab and TKI in older patients 
unfit (SWOG1318, age 65  years and older) or fit (ECOG-ACRIN 9181, age 
18–70 years) for allogeneic HCT. Results of these ongoing studies may transform 
therapy for both older and younger Ph-positive ALL.

Achievement of a complete molecular response (CMR), defined as absence of 
detectable BCR-ABL1 transcripts by quantitative PCR testing with sensitivity of 
0.001–0.01% at 3 months into treatment, has been shown to be a significant predic-
tor of overall survival with TKI-based regimens, regardless of the specific TKI used 
[77]. Treatment with ponatinib-based regimens has been shown to produce high 
rates of early CMR and low relapse rates which may also predict excellent long- 
term outcomes even without allogeneic HCT [68, 69]. In this respect, ponatinib may 
be the most effective TKI for all adults with Ph-positive ALL, principally by over-
coming the ABL1 T315I TKI resistance mutation, although data from prospective 
randomized comparisons with second-generation TKI- or imatinib-based regimens 
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are lacking. See Table 7.3 for a summary of TKI-based regimens and Table 7.2 for 
ongoing studies.

 Relapsed or Refractory ALL in Older Adults

Relapsed or refractory (R/R) ALL historically has been associated with dismal 
prognosis regardless of age, with allogeneic HCT offering a chance for long-term 
remission in a minority of adults [78, 79]. The landscape of therapies for adults with 
R/R ALL has recently expanded however with approval of the novel agents blinatu-
momab and inotuzumab ozogamicin (InO). In a randomized phase 3 trial, adults 
with R/R Ph-negative ALL treated with blinatumomab had a higher complete 
response (CR) rate (33.6% vs 15.7%, p < 0.001) and better event-free survival (EFS) 

Table 7.3 Frontline TKI-based regimens for older adults with Ph + ALL

Study Year Regimen N

Median 
age, years 
(range)

CR 
rate
(%)

IM
(%)

Overall 
survival

LAL0201-B 
[75]

2007 Imatinib + prednisone 29 69 (61–83) 100 0 20 mo 
(median)

MDACC [40] 2015 Imatinib + hyperCVAD 54 
(all 
pts)
16 
(>60 
yo)

51 (17–84) 93 2 43% (5 yr, 
all pts)
14% (5 yr, 
age > 60)

LAL1205 [46] 2011 Dasatinib + prednisone 53 53.6 
(24–77)

100 0 69.2% (20 
mos)

MDACC [43] 2015 Dasatinib + hyperCVAD 72 55 (21–80) 96 4 52% (5 yr)
EWALL-Ph01 
[53]

2016 Dasatinib, vincristine, 
dexamethasone

91 69 96 4 36% (5 yr)

CALGB 10701 
[42]

2018 Dasatinib + dexamethasone 
induction then alloHCT, 
autoHCT, or chemotherapy

64 60 (22–87) 97 0 55% (3 yr)

Korean [80] 2015 Nilotinib + multi-agent 
chemotherapy

90 47 (17–77) 91 9 72% (2 yr)

EWALL-Ph02 
[54]

2018 Nilotinib, vincristine, 
dexamethasone

72 65.5 94 1.3 47 (4 yr)

LAL 1811 [50] 2017 Ponatinib + prednisone 42 68 (27–85) 95 2.3 87.5% 
(1 yr)

MDACC [48] 2019 Ponatinib + hyperCVAD 86 46 (21–80) 100 0 78% (3 yr)

Abbreviations: N number of patients, CR complete response, IM induction mortality, mo months, 
MDACC MD Anderson Cancer Center, hyperCVAD hyperfractionated cyclophosphamide, vincris-
tine, adriamycin, dexamethasone, yo years old, yr year, pts patients, EWALL European ALL 
Working Group, CALGB Cancer and Leukemia Group B, alloHCT allogeneic hematopoietic cell 
transplant, autoHCT autologous hematopoietic cell transplant
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(HR 0.55, p < 0.001) and overall survival (median 7.7 vs 4.0 mo; HR 0.71, p = 0.01) 
[53]. Blinatumomab also has activity in R/R Ph + ALL, as demonstrated by a 36% 
CR/CRh rate (including four of ten patients with the T315I mutation) in a phase II 
trial of adults who were refractory to or intolerant of at least one second- or later- 
generation TKI [80]. Blinatumomab was also approved for adults with persistent 
minimal residual disease (MRD) based on results of a phase 2 single-arm study, 
which showed that treatment with up to four cycles of blinatumomab converted 
88% of MRD positive (≥10−3) to MRD negative, which was associated with higher 
RFS and OS compared to those who remained MRD positive (38.8 vs 12.5 months) 
[81]. Two distinct toxicities observed with blinatumomab are cytokine release syn-
drome (CRS) and neurotoxicity. CRS is mediated by increased levels of cytokines 
related to activated cytotoxic T-cells. The precise mechanism of neurotoxicity with 
blinatumomab is not known; however prior neurologic events are a risk factor [82]. 
In a comparison of older (≥65 years) versus younger adults (<65 years) enrolled on 
two phase II studies of blinatumomab in R/R ALL, incidence of all ≥grade 3 adverse 
event (AEs) was similar between age groups (86% vs 80%) except for ≥grade 3 
neurologic AEs which occurred with greater frequency among older adults (28% vs 
13%) [83].

Inotuzumab ozogamicin is an antibody-drug conjugate (ADC) consisting of an 
anti-CD22 humanized monoclonal antibody bound to the alkylating agent cali-
cheamicin (ozogamicin). In the latest follow-up of the randomized phase III trial of 
inotuzumab ozogamicin versus standard chemotherapy for adults aged ≥18 years of 
age with relapsed or refractory ALL, patients who received inotuzumab ozogamicin 
had better rates of complete response or complete response with incomplete count 
recovery (CR/CRi) (73.8% vs 30.9%, p < 0.0001) and longer 2-year survival (22.8% 
vs 10%; HR 0.75, p = 0.0105) [53]. Hepatic toxicity including veno-occlusive dis-
ease/sinusoidal obstruction syndrome (VOD) has been observed with inotuzumab 
ozogamicin with a VOD risk of 14%. The risk for developing VOD is increased 
when allogeneic HCT is performed after inotuzumab ozogamicin. In a subgroup 
analysis of the phase 3 trial comparing outcomes in older (≥55 yo) versus younger 
(<55 yo) adults, older patients who proceeded to alloHCT after InO had higher rate 
of VOD (41% vs 17%) [84]. Limiting inotuzumab ozogamicin to two cycles and 
avoiding double-alkylator conditioning therapy may lessen the risk of VOD after 
HCT [85].

Compared to B-cell ALL, development of targeted therapies for T-cell ALL has 
been slower. Nelarabine is a purine analog and pro-drug of 9-β-D- 
arabinofuranosylguanine (ara-G) with selective activity for T-cell ALL (Shewach, 
Ullmna) [86, 87]. Two phase II clinical trials have addressed the activity of nelara-
bine monotherapy in relapsed or refractory T-cell ALL or lymphoblastic lymphoma 
(LBL). CALGB 19801 studied single agent nelarabine in 39 patients with a median 
age of 34 years (range 16–66 years) with relapsed T-cell ALL or LBL including 6 
patients over the age of 50. The CR rate was 31% with a median DFS and OS of 
20 weeks [88]. A second study by the GMALL treated 126 patients with a median 
age of 33 years (range 18–81 years) with R/R T-cell ALL or LBL with nelarabine 
monotherapy. Sixteen patients were 56 years of age or older. The cumulative CR 
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and PR rates were 36% and 10%, respectively. Median overall survival was 6 months 
with a 3-year survival of 12%. Long-term survival was seen in patients undergoing 
allogeneic HCT in CR [89]. Myelosuppression is common with nelarabine, and 
neurotoxicity, principally peripheral sensory neuropathy but also grade 3–4 CNS 
toxicity in 3–4% of patients, is a significant side effect. The safety and efficacy of 
nelarbine have not been well studied in the older population, but it is an appropriate 
treatment choice for older patients with R/R T-cell ALL or LBL [88, 89].

For older adults with R/R Ph-negative B-cell ALL, either blinatumomab or ino-
tuzumab ozogamicin is an appropriate option with the goal of achieving MRD- 
negative CR which should be followed by allogeneic HCT (for those who are HCT 
candidates), though caution regarding HCT after inotuzumab ozogamicin must be 
emphasized given the elevated risk for developing VOD.  For older adults with 
Ph-negative B-cell ALL who have persistent MRD after initial therapy and are HCT 
candidates, blinatumomab followed by allogeneic HCT may be appropriate. For 
R/R T-cell  ALL, nelarabine is a uniquely active agent appropriate for older patients 
either for disease control or ideally as a bridge to allogeneic HCT. See Table 7.4 for 
a summary of novel therapies for R/R ALL.

 Allogeneic HCT for Older Adults with ALL

In several donor vs. no-donor comparisons of myeloablative allogeneic HCT in 
adults with ALL in CR1, the benefit of allogeneic HCT was established in terms of 
increasing long-term leukemia-free survival (LFS) rates to 45–75% versus 30–40% 
with chemotherapy alone [90, 91]. A landmark meta-analysis of donor vs no-donor 
trials showed that MAC allogeneic HCT in CR1 provided a survival benefit for 
adults <35 years of age (OR = 0.79, p = 0.0003), but not for adults ≥35 years of age 
(OR  =  1.01, p  =  0.9). In the older group, excessive transplant-related mortality 
negated the potential benefit of reduced relapse [92]. In recent years, indications for 
allogeneic HCT in ALL have shifted, mainly due to the recognition that residual 
disease below the minimal CR threshold (MRD) after induction is the strongest 
independent risk factor for relapse regardless of specific MRD assay, timing of 
assessment, or level of detection [93, 94]. Several groups have demonstrated a 
disease- free survival benefit for HCT in CR1 for adults with Ph-negative ALL who 
have detectable MRD after induction, while in contrast those without detectable 
MRD did not benefit from HCT [93–95]. As such, more effective frontline therapies 
may obviate the need for allogeneic HCT for the large majority of patients with 
Ph-negative ALL in first remission. For patients with Ph-positive ALL, HCT in CR1 
allogeneic HCT has traditionally been recommended although there is emerging 
data to suggest that patients who achieve an early complete molecular response may 
have excellent long-term outcomes even without HCT [63, 77].

Reduced intensity conditioning (RIC) regimens allow for an HCT-mediated 
graft-versus-leukemia effect with potentially less toxicity in older adults with 
comorbidities or poor fitness. The largest outcomes series was reported by the 
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CIBMTR, in which 273 adults aged 55 years or older undergoing RIC allogeneic 
HCT between 2001 and 2012 had a 3-year NRM, CIR, and OS of 25%, 47%, and 
38%, respectively [96]. Other reported comparisons of MAC versus RIC in adults 
with ALL have not demonstrated inferiority of RIC although these were small stud-
ies [97–101]. For fit older patients, RIC allogeneic HCT remains a treatment option 
although high rates of NRM and relapse are expected based on available data and 
the superiority of RIC allogeneic HCT over chemotherapy alone has yet to be con-
vincingly demonstrated in the older population.

 Future Directions in the Management of Older Adults 
with ALL

Given the marked single-agent activity of blinatumomab and InO in R/R ALL and 
their tolerable safety profile in older adults, several active protocols are evaluating 
these agents in the frontline setting in older adults with ALL either as monothera-
pies, given together in sequence, or given in combination with chemotherapy or 
TKIs. A summary of these ongoing trials is listed in Table 7.4. The key relevant 
questions to be addressed in these trials are the following:

 1. Is the optimal use of blinatumomab in the frontline setting with induction, as 
prophylactic therapy in case of MRD persistence after induction, or as a routine 
component of post-remission therapy?

 2. What is the best intensity and schedule of chemotherapy in combination with 
inotuzumab ozogamicin?

 3. Is a cytotoxic chemotherapy-free approach to induction feasible in older adults 
with inotuzumab ozogamicin and blinatumomab given sequentially?

 4. What are the toxicities when combining novel agents with chemotherapy 
or TKIs?

Anti-CD19 chimeric antigen receptor modified T-cells (CAR-T) are being evalu-
ated for adults with R/R B-ALL. Available results from these early phase trials sug-
gest a high rate of MRD-negative remissions; however relapses are common even 
with consolidative allogeneic HCT [102–104]. The major relevant questions for 
anti-CD19 CAR-T will be its relative safety, efficacy, and feasibility compared to 
blinatumomab or inotuzumab ozogamicin given alone or in combination.
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Chapter 8
Treatment of Childhood Philadelphia 
Chromosome-Positive Acute 
Lymphoblastic Leukemia

Melissa A. Burns and Lewis B. Silverman

 Introduction

The Philadelphia chromosome, t(9;22)(q34;q11), is present in approximately 5% of 
children with acute lymphoblastic leukemia (ALL) and leads to production of a 
BCR-ABL1 fusion protein with constitutive tyrosine kinase activity [1]. It is more 
common in older children, with an incidence rising to nearly 25% in young adults, 
and is associated with a higher white blood cell (WBC) count at diagnosis compared 
to other ALL subtypes [1]. Historically, ALL harboring the t(9;22) chromosomal 
translocation (Ph+ ALL) has been associated with a poor prognosis and was previ-
ously considered an indication for hematopoietic stem cell transplant (HSCT) in 
first complete remission (CR1). However, with introduction of tyrosine kinase 
inhibitors (TKI) targeting BCR-ABL1 (Table  8.1), such as imatinib [2–4] and 
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Table 8.1 Summary of clinically available BCR-ABL1 tyrosine kinase inhibitors

TKI
Tested as single  
agent in children

Tested in combination 
with chemotherapy in 
children

CNS 
penetrant

Active against T315I 
resistance mutation

Imatinib Yes Yes No No
Dasatinib Yes Yes Yes No
Nilotinib Yes No No No
Ponatinib Open phase I/II trial 

(NCT03934372)
Open phase I/II trial  
(NCT04501614)

No Yes
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dasatinib [5–7], outcomes for this subset of ALL have improved and have trans-
formed treatment for these children.

 Treatment of Newly Diagnosed Pediatric Philadelphia-Positive 
Acute Lymphoblastic Leukemia

 Treatment in the Pre-Tyrosine Kinase Era

Prior to the introduction of TKIs in the early 2000s, allogeneic HSCT in CR1 was 
considered standard of care; however, despite this intensified treatment approach, 
the outcome for Ph+ ALL was inferior to other subtypes of childhood ALL. In a 
retrospective study of 326 children with Ph+ ALL treated between 1986 and 1996 
from 10 cooperative groups or institutions in the Unites States and Europe, the 
5-year event-free survival (EFS) was 28%, and the 5-year overall survival (OS) was 
40% [8]. The frequency of induction failure (18%) and relapse for those achieving 
remission (54%) in this cohort was significantly higher than in other contemporane-
ously treated pediatric ALL patients [8–13]. For those who achieved complete 
remission, treatment with an HLA-matched related donor HSCT was associated 
with a more favorable outcome, with 5-year disease-free survival (DFS) of 65% 
following HSCT versus 25% for those treated with chemotherapy alone and a 5-year 
OS of 72% versus 42%, respectively. This advantage, however, was not seen for 
other donor types, including matched unrelated donors owing to the high incidence 
of transplant-associated mortality in this group [8].

A follow-up retrospective review of 610 children with Ph+ ALL treated between 
1995 and 2005 demonstrated similarly poor outcomes with a 7-year EFS of 32% 
and OS of 44.9% [14]. As in the earlier study, HSCT in CR1 was associated with a 
better outcome; the risk of relapse at 5 years was reduced by nearly two-thirds with 
a hazard ratio (HR) of 0.32 (95% CI 0.2–0.52) for HSCT compared with chemo-
therapy alone, and the 5-year DFS was superior (43% for HSCT versus 34% for 
chemotherapy alone, p  =  0.049) [14]. Overall, this study showed only modest 
improvement in outcomes during the 1995–2005 era; importantly, OS for Ph+ ALL 
patients treated in the pre-TKI era remained poor at less than 50%, significantly 
worse than that for non-Ph+ ALL.

 Imatinib Combined with Chemotherapy

The introduction of imatinib, a TKI targeting the BCR-ABL1 fusion protein, in the 
early 2000s resulted in a transformation of treatment for pediatric Ph+ ALL. Initial 
studies of imatinib, conducted in adult patients with chronic myeloid leukemia, 
demonstrated potent antileukemic activity and favorable tolerability [15]. This work 
led to early phase trials in children with relapsed/refractory Ph+ ALL; the activity 
of single-agent imatinib was demonstrated, but responses were short-lived [16], 
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providing the rationale to test this agent in combination with cytotoxic chemother-
apy in children with newly diagnosed Ph+ ALL.

One of the first studies to test the combination of TKI with chemotherapy was 
Children’s Oncology Group (COG) AALL0031, which enrolled children and ado-
lescents with newly diagnosed Ph+ ALL between 2002 and 2006. On this study, 
patients were treated with an intensive chemotherapy backbone and received ima-
tinib 340 mg/m2/day at first discontinuously to ascertain the safety of the combina-
tion [17]. The 50 patients enrolled on the last cohort of the study, cohort 5, received 
continuously dosed imatinib combined with the intensive cytotoxic chemotherapy 
backbone. All children with a matched related donor were allocated to HSCT after 
the first two consolidation blocks. The 3-year EFS for all children in cohort 5 was 
80.5%, significantly higher than the EFS of 40.9% for historical controls [8]. Of the 
50 children treated with continuous imatinib in cohort 5, 25 received chemotherapy 
only, 21 were allocated for matched sibling donor HSCT, and 11 subjects received 
an unrelated or mismatched donor HSCT. Importantly, there was no difference in 
5-year DFS for children enrolled to cohort 5 (continuous imatinib) treated with 
chemotherapy alone (70%) versus those who underwent HSCT in CR1 from either 
related donor (65%) or unrelated donor (59%) (Fig. 8.1) [18]. While the number of 
patients treated without HSCT was small, this trial provided the first evidence that 
HSCT in CR1 may not be a necessary component of therapy for all children with 
Ph+ ALL who receive a TKI along with chemotherapy as initial treatment.
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Fig. 8.1 Long-term follow-up of children treated on COG AALL0031. Comparison of outcomes 
on COG AALL0031 demonstrated no difference in 5-year disease-free survival for children in 
Cohort 5 treated with chemotherapy plus imatinib compared to children in all cohorts who pro-
ceeded to a hematopoietic stem cell transplant (HSCT) from either a related donor or unrelated 
donor HSCT. Children who did not achieve complete remission by the end of consolidation block 
2 were excluded from the analysis. (Adapted from Schultz, K.R., et  al. Leukemia 2014 
Jul;28(7):1467–71, with permission [18])
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At the same time that COG AALL0031 was being conducted, the European 
intergroup study of postinduction treatment for Philadelphia chromosome-positive 
ALL (EsPhALL) enrolled children with newly diagnosed Ph+ ALL between 2004 
and 2009 on a randomized clinical trial designed to test whether outcome was 
improved when imatinib was added to a high-risk Berlin-Frankfurt-Münster (BFM) 
chemotherapy regimen [19]. Following induction therapy, patients were stratified as 
good risk or poor risk based on peripheral blood response to a prednisone prophase 
and marrow response at the end of multiagent induction; patients classified as good 
risk were randomized to receive chemotherapy alone or chemotherapy plus discon-
tinuously dosed imatinib at 300 mg/m2/day. Poor risk patients were directly assigned 
to receive imatinib. HSCT in CR1 was recommended for all poor risk patients and 
for good risk patients with a matched sibling donor. In total, 178 children were 
enrolled and classified as good risk. Interpretation of this study is limited because of 
the high non-compliance rate with randomized assignment in good risk patients 
(nearly 30% assigned to the chemotherapy-alone arm received imatinib) and early 
closure before reaching goal accrual when favorable results of COG AALL0031 (on 
which patients received continuous dosing of imatinib) became known. As a result, 
the study was not sufficiently powered to answer the primary study question. 
Nevertheless, the EsPhALL2004 study demonstrated the safety and efficacy of ima-
tinib on a BFM high-risk backbone. The overall DFS of patients treated on this trial 
appeared to be better than historic controls, and when analyzed as-treated (and not 
by intent-to-treat), good risk patients who received imatinib had a superior DFS 
(5-year DFS rate was 77% for patients who received imatinib and 55% for patients 
who did not receive imatinib, p = 0.02). Of note, 80% of patients on the EsPhALL 
study, including 77% of good risk patients, underwent HSCT in CR1; thus no con-
clusion could be drawn regarding the role of HSCT over chemotherapy alone.

Following the early closure of EsPhALL2004, the EsPhALL group opened a 
successor trial, EsPhALL2010, on which imatinib was given continuously rather 
than discontinuously; notably, imatinib was started mid-induction rather than after 
the completion of induction. HSCT in CR1 was initially recommended for good risk 
patients with a matched sibling donor or poor risk patients with any available donor; 
however, beginning in 2012, indications for HSCT were limited to only those 
patients with high minimal residual disease (MRD) (≥5 × 10−4) at the end of the 
consolidation or with detectable MRD at any level after the third high-risk block, 
regardless of initial risk classification or available donor type. Of the 155 patients 
enrolled on the study, morphologic CR was attained in 97% of participants 
(N  =  151), which was significantly higher than the CR rate on the predecessor 
EsPhALL trial (78%), suggesting that earlier administration of imatinib improved 
induction response. The 5-year EFS and OS rates were similar between the 
EsPhALL2010 trial (57% and 71.8%, respectively) and the initial EsPhALL trial, 
even though significantly fewer patients received HSCT in first CR on the latter trial 
(38% of patients on EsPhALL2010), providing evidence that the previous strategy 
of transplanting most Ph+ ALL patients in CR1 was not associated with a survival 
advantage. Of note, a relatively high rate of treatment-related mortality was observed 
on the EsPhALL2010 trial (~15% of patients), primarily from infection during 
intensive chemotherapy blocks.
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Based on the high rates of treatment-related mortality observed when imatinib is 
combined with intensive chemotherapy regimens, the COG and EsPhALL groups 
are currently conducting a joint, international trial (EsPhALL2017/COG 
AALL1631), the goal of which is to minimize short- and long-term toxicities while 
maintaining or improving cure rates. All patients on the trial receive imatinib begin-
ning at day 15 of induction. Standard-risk (SR) patients, defined as those with low 
MRD (<5 × 10−4 at the end of the second block of chemotherapy at about week 12 
of treatment), are randomized to receive one of two chemotherapy backbones, the 
EsPhALL backbone (considered the standard treatment) or a less intensive back-
bone similar to what non-Ph+ high-risk (HR) ALL patients receive on COG trials 
[20, 21]. HR patients, defined by slow response at a single timepoint (MRD 
≥5 × 10−4 after 10–12 weeks of therapy), are treated initially on the EsPhALL back-
bone but are allocated to allogeneic HSCT; for these patients, the study aims to 
determine the feasibility of administering post-HSCT imatinib.

 Dasatinib Combined with Chemotherapy

Dasatinib is a second-generation TKI with more potent in vitro inhibition of ABL 
kinase and better CNS penetration than imatinib; it has also been shown to be active 
in patients with imatinib resistance [6, 7, 22, 23]. Based on these potential advan-
tages, COG conducted a trial (AALL0622) on which dasatinib was administered on 
the same intensive chemotherapy backbone used in the AALL0031 imatinib trial; 
however, unlike AALL0031, on which all non-transplanted Ph+ ALL patients 
received cranial radiation, only CNS-3 patients were irradiated on AAL0622. On 
the AALL0622 trial, dasatinib was started at day 15 of the induction phase with the 
hope of achieving more rapid early response. The study included two cohorts; 
cohort 1 received discontinuous dasatinib administration, and cohort 2, which 
opened once cohort 1 was found to be safe and tolerable, received continuously 
dosed dasatinib. Patients were stratified as HR if they had MRD ≥1% at end- induc-
tion or ≥0.01% at end of the second consolidation cycle; all other patients were 
classified as SR. HSCT was recommended for all HR patients and for SR patients 
who had a matched sibling donor. In total, 39 eligible patients were treated in cohort 
1 and 21 in cohort 2. CR was achieved after induction in 98% of patients, signifi-
cantly higher than rate of end-induction CR on COG AALL0031 (p = 0.01) [17, 24], 
indicating that adding TKI mid-induction leads to better early response rates, con-
sistent with the results of the EsPhALL2010 trial. Additionally, 59% of AALL0622 
versus 25% of AALL0031 patients had MRD <0.01% at the end of induction 
(P < 0.001). Frequency of adverse events was similar between the two trials, sug-
gesting that dasatinib was not associated with excess toxicity. The 5-year DFS was 
68% for AALL0031 (imatinib) and 60% for AALL0622 (dasatinib), and the 5-year 
OS was 81% and 86%, respectively, suggesting that there was no significant differ-
ence between the two TKIs in preventing relapses or leading to long-term cures. 
Despite its superior CNS penetration, dasatinib did not completely abrogate the risk 
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of CNS relapse: for non-irradiated patients on AALL0622, the 5-year cumulative 
incidence (CI) of CNS relapse (isolated or combined) was 15%.

In 2012, COG and EsPhALL opened a joint, single-arm, international phase 2 
study of dasatinib combined with the EsPhALL chemotherapy backbone (based on 
AIEOP-BFM HR ALL regimen), enrolling 106 eligible patients. Long-term results 
from the trial are still pending, although preliminary data suggests that EFS and OS 
appear to be similar to previous COG and EsPhALL Ph+ ALL trials [18, 19, 24–26].

On the CCCG-ALL-2015 Ph+ ALL trial conducted by the Chinese Children’s 
Cancer Group, pediatric Ph+ ALL patients were randomized to receive either ima-
tinib or dasatinib added to a modified St. Jude Total XV/XVI backbone. The dose of 
imatinib on the trial (300 mg/m2/day) was lower than that used on COG trials, while 
the dose of dasatinib (80  mg/m2/day) was higher than the dose on the COG 
AALL0622 trial (60  mg/m2/day). The 4-year EFS and OS rates were 71% and 
88.4%, respectively, on the dasatinib arm, compared with 48.9% and 69.2% on the 
imatinib arm [27]. However, caution is needed in interpreting these results given the 
relatively short follow-up (26.4 months) and the fact that outcome of patients who 
received imatinib on this trial was markedly inferior to imatinib-treated patients on 
previous pediatric Ph+ ALL trials conducted by COG and EsPhALL. Nonetheless, 
the preliminary favorable outcome of the dasatinib arm suggests that there may be 
advantages to using the higher dose of dasatinib; confirmation of this finding awaits 
longer follow-up.

 Other TKIs

Other ABL-class TKIs, including nilotinib [28] and ponatinib [29], are commonly 
used for adult Ph+ ALL; however, their safety profile in combination with chemo-
therapy for children with Ph+ ALL has not been established. Therefore, they should 
not be considered as first-line agents in this disease but may be beneficial in relapsed 
cases with resistance to imatinib or dasatinib. Early phase pediatric trials of pona-
tinib, administered alone and in conjunction with chemotherapy, are ongoing. While 
results from the PACE study in adults with Ph+ ALL are promising [30], the safety 
and efficacy of this TKI in children remain unknown.

 HSCT in First Complete Remission

Prior to introduction of TKIs, HSCT in CR1 was considered standard of care for 
pediatric Ph+ ALL. With the introduction of TKIs, however, a smaller percentage of 
patients have been allocated to HSCT in CR1 on successive clinical trials performed 
over the last two decades, with similar rates of long-term EFS and OS (Table 8.2). 
In fact, on COG AALL0622, the trial with the highest long-term OS, only 32% of 
patients received HSCT in CR1. On that trial, salvage post-relapse was reasonably 
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favorable in those who were treated initially without HSCT in CR1 (5-year EFS of 
60% and 5-year OS of 88%), indicating that the strategy of reserving HSCT for 
post-relapse treatment (rather than in CR1) leads to favorable overall survival while 
sparing the majority of patients the long-term risks associated with HSCT.

For those patients who are treated with HSCT in CR1, an unresolved question is 
whether post-HSCT TKI is beneficial. Several studies of adult patients with 
Ph+ ALL transplanted in CR1 have suggested that post-HSCT TKI administration 
is associated with more favorable DFS [31–33]. However, there are few reports of 
this treatment strategy in pediatric Ph+  ALL patients. On COG AALL0031, the 

Table 8.2 Summary of clinical trials of TKI in combination with cytotoxic chemotherapy for 
childhood Ph+ ALL

Trial
Years 
open

Chemotherapy 
backbone TKI

Indications for 
HSCT
(% HSCT) EFS OS

COG 
AALL0031 [17, 
18]

2002–
2006

AALL0031 Imatinib HLA MSD
(Cohort 5 only 
43%a)

5-year 
58%

5-year 
70%

EsPhALL2004 
[19, 35]

2004–
2009

HR BFM Imatinib Poor Riskb or 
Good Risk 
with MSD
(77%)

5-year 
60.3%

5-year 
71.5%

COG AALL 
0622 [24]

2008–
2012

AALL0031 Dasatinib HRc or SR 
with MSD
(32%)

5-year 
60%

5-year 
86%

EsPhALL2010 
[26]

2010–
2014

HR BFM Imatinib High MRDd

(38%)
5-year 
57%

5-year 
71.8%

COG AALL 
1122 [25]

2012–
2014

HR BFM Dasatinib High MRDe

(14%)
TBD TBD

CCCG- 
ALL- 2015 [27]

2015–
2018

Modified St Jude 
Total XV/XVI

Imatinib High MRDf

(4%)
4-year 
48.9%

4-year 
69.2%

Dasatinib High MRDf

(1%)
4-year 
71%

4-year 
88.4%

COG AALL 
1631

2017–
ongoing

HR: HR BFM SR: 
HR BFM versus 
AALL0232

Imatinib High MRDd

(TBD)
TBD TBD

HLA human leukocyte antigen, HSCT hematopoietic stem cell transplant, MSD matched sibling 
donor, TKI tyrosine kinase inhibitor, TBD to be determined
a13 of 44 patients in cohort 5 had an available MSD and proceeded to HSCT on study. Of the 
remaining 31 patients, 6 were removed from study treatment and proceeded to HSCT with an 
alternative donor
bPoor early response (Leukemic blat count ≥1000 cells/μl following 7-day steroid prophase or 
>25% marrow blasts at day 15 of induction) or failure to achieve complete remission (<5% marrow 
blasts) at end induction
cM2/M3 marrow, MRD ≥1% at end of Induction or MRD ≥0.01% at end of consolidation block 2
dHigh MRD defined as ≥5 × 10−4 at timepoint 2, ~10–12 weeks following initiation of treatment
eHigh MRD defined as ≥5 × 10−4 at timepoint 2, ~10–12 weeks following initiation of treatment, 
or any detectable level of MRD at timepoint 3, end of third consolidation block
fHigh MRD defined as ≥1% at end induction (timepoint 1)
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only pediatric study to date that has prospectively collected information on the use 
of post-HSCT TKI, 21 pediatric patients who underwent matched sibling donor 
HSCT received post-HSCT imatinib beginning 4–6  months after HSCT and 
remained on TKI for a total duration of 6 months. While this study demonstrated 
feasibility and safety of administering imatinib post-HSCT, there was no significant 
benefit to 3-year EFS when compared to a historical control group [17, 34]. It is 
important to note that this analysis is limited by small sample size, low starting dose 
of imatinib, and the relatively late and short duration of exposure to imatinib. Further 
studies are necessary to determine the role of post-HSCT TKI in children with Ph+ 
ALL; this question is being addressed in the currently accruing international 
EsPhALL2017/COG AALL1631 trial.

 Prognostic Factors in Pediatric Ph+ ALL

Due to the rarity of the diagnosis of pediatric Ph+ ALL, identification of prognostic 
factors in this population has been limited by the small sample size of most clinical 
trials; however, some studies have identified potentially significant prognostic fac-
tors, which could be used to define risk groups and stratify therapy.

 Age and Presenting Leukocyte Count

There are conflicting data regarding the prognostic impact of age and presenting 
leukocyte count in pediatric Ph+ ALL.  In a retrospective review of 610 children 
with Ph+ ALL treated between 1995 and 2005 without TKI, both age and leukocyte 
count had prognostic significance on DFS, with the best outcome observed in Ph+ 
ALL patients presenting with NCI SR features (age <10 years and WBC <50,000/
μL) and the worst outcome in those with presenting leukocyte counts >100,000/μL, 
regardless of age [14]. Conversely, on the COG AALL0031 study (on which all 
patients received imatinib), NCI risk group (defined by age and presenting leuko-
cyte count) lacked prognostic significance [17].

Data from two consecutive EsPhALL trials has identified elevated leukocyte 
count as a significant predictor of outcome. On the EsPhALL2004 trial (randomized 
comparison of imatinib versus no imatinib), a cox regression model including risk 
group (defined by prednisone prophase response), age, and presenting leukocyte 
count identified only presenting leukocyte count as an independent risk factor of 
outcome; when the same analysis was restricted to patients who had received ima-
tinib, results were essentially unchanged [35]. Similarly, on the EsPhALL2010 trial 
(in which all patients received continuously dosed imatinib), cox regression analy-
sis including risk group, age, and leukocyte count identified presenting leukocyte 
count ≥100,000/μL as the only independent risk factor predicting inferior EFS [26]. 
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In fact, when the analysis was repeated on a subgroup of patients with evaluable 
end-consolidation MRD (at week 12 of treatment), presenting leukocyte count 
≥100,000/μL retained independent prognostic significance, but MRD did not [26].

 Early Morphologic Response

In the pre-TKI era, slow early response to chemotherapy, as assessed by peripheral 
blood absolute blast count after a 7-day prophase and/or morphology of marrow 
obtained in the midst of multiagent remission induction, was shown to be associated 
with adverse outcome in pediatric Ph+ ALL [14]. Slow early response by either of 
these measures was more frequent in Ph+ ALL patients than in other children with 
ALL; in multivariable analyses, prednisone poor response and slow early marrow 
response were associated with inferior DFS and OS [14]. Based on this finding, 
slow early morphologic response was the only factor used to allocate patients to the 
HR group on the EsPhALL2004 and 2010 trials [19, 26].

 Minimal Residual Disease (MRD)

Detection of MRD is a key prognostic determinant in childhood ALL and has been 
incorporated into risk stratification of contemporary ALL treatment protocols [21, 
36–40]. However, there are more limited data regarding the prognostic significance 
of MRD in Ph+ ALL patients. In the EsPhALL2004 study, MRD was measured at 
the end of induction (TP1) and the IB phase (TP2) using quantitative real-time PCR 
to detect immunoglobulin and T-cell receptor gene rearrangements (Ig/TCR PCR), 
with a cut-off of ≥5 × 10−4 used to define high MRD. MRD non-detectability at end 
induction (TP1), observed in only 9 of 90 evaluable patients, was associated with a 
favorable prognosis (none of the 9 patients relapsed); however, there was no signifi-
cant difference in cumulative incidence of relapse between children with low but 
detectable MRD and those with high MRD at TP1 [41]. Achievement of negative 
MRD at TP2 (observed in 14 of 64 patients without negative MRD at TP1) was also 
associated with a relatively favorable outcome, with a 5-year cumulative incidence 
of relapse (CIR) of 14.3% [19, 41].

Conversely, on COG AALL0031, end-induction MRD did not predict outcome 
in cohort 5 patients (who received continuous imatinib beginning after the induction 
phase); 3-year EFS was similar for patients with high versus low MRD using a 
0.01% cut-off, as assessed by flow cytometry [17]. On the subsequent COG 
AALL0622 trial (utilizing dasatinib), patients were risk stratified on the basis of 
MRD (assessed by flow cytometry); those with MRD ≥1% at end induction or 
≥0.01% after two intensive consolidation cycles were considered HR and allocated 
to HSCT; all other patients were classified as SR [24]. There was no difference in 
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EFS (p = 0.84) or OS (p = 0.8) by risk group; however, given that patients with high 
MRD were classified as HR and thus received more intensive therapy (with nearly 
all children proceeding to HSCT in CR1) than those with low MRD (the majority of 
whom did not proceed to HSCT), interpretation of the prognostic significance of 
MRD based on these results is not possible.

In addition to flow cytometry and Ig/TCR PCR, another method to assess MRD 
in Ph+ ALL is quantitative RT-PCR (RQ-PCR) of BCR-ABL1 transcript expression. 
On the EsPhALL2004 study, the overall concordance rate between BCR-ABL1 
PCR and Ig/TCR PCR was 69% [41]. In general, BCR-ABL1 PCR values tended to 
be higher than those obtained by Ig/TCR PCR; however, similar to Ig/TCR PCR, 
BCR- ABL1 PCR negativity at TP1 or TP2 was associated with a low risk of relapse. 
In another study, MRD was assessed in 48 patients using a DNA-based assay to 
measure BCR-ABL1 genomic copies rather than the standard BCR-ABL1 RQ-PCR, 
which measures transcript expression [42]. In that study, nearly 20% of patients 
with a p190 fusion and 12.5% of patients with the p210 fusion had at least a log-
fold higher level of disease when assessed by BCR-ABL1 genomic rearrangement 
compared with Ig/TCR PCR.  When comparing MRD results between the two 
assays, there was no significant difference in outcome between patients with con-
cordant and discordant MRD, although patient numbers are small. Of note, BCR-
ABL1 fusion was identified in non-blast myeloid cells, B-cells, and T-cells in four 
patients with discordant BCR-ABL1 and Ig/TCR MRD results but not in seven 
patients with concordant results, suggesting that, at least in some cases with discor-
dant results, patients may have chronic myeloid leukemia (CML)-like biology with 
BCR-ABL1 occurring in a stem cell or multipotent progenitor cell. Larger studies 
are necessary to confirm this provocative finding and to determine its impact on 
outcome.

 IKZF1 Deletions

Alterations of the IKZF1 gene are observed in approximately 15% of patients with 
Ph-negative B-ALL but are more frequent in those who are Ph+ [24]. In the 
Ph-negative cases, IKZF1 deletions have been shown to have independent adverse 
prognostic significance [37]. There are limited data regarding the prognostic signifi-
cance of IKZF1 gene aberrations in pediatric Ph+ ALL. In a retrospective study of 
191 patients treated between 1995 and 2010, IKZF1 deletions (found in 66% of the 
tested cohort) were associated with significantly worse DFS and OS [43]. However, 
in a subset analysis including only patients treated on the initial EsPhALL trial 
(most of whom received imatinib), the trend toward inferior outcome with IKZF1 
deletions did not achieve statistical significance. In another retrospective analysis 
that included 44 patients treated on COG AALL0622 with available samples, IKZF1 
deletions were identified in 56% of the study cohort and were significantly associ-
ated with inferior 5-year EFS and OS [24].
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 Treatment of Relapsed Philadelphia Chromosome-Positive 
Acute Lymphoblastic Leukemia

Despite overall improvement in outcome since TKIs have been incorporated into 
frontline therapy, relapse is not infrequent in pediatric Ph+ ALL. However, salvage 
rates post-relapse are relatively favorable, particularly for those who were not 
treated with HSCT in CR1 [24]. At present, the standard treatment for a child with 
relapsed Ph+ ALL includes reinduction with combination chemotherapy plus con-
tinuous TKI followed by HSCT with a total body irradiation (TBI)-based regimen. 
Given the potential for emergence of TKI resistance mutations, resistance testing 
should be sent at the time of relapse; however, preliminary data suggest that resis-
tance mutations are uncommon in most children with relapsed Ph+ ALL, and there-
fore re-treatment with imatinib or dasatinib appears to be effective. For children 
who relapse after HSCT, curative options include a second transplant if CR has been 
achieved or more novel therapies, including CAR T-cell directed therapy [44], or 
other immunotherapeutic approaches combined with TKI [45].

 Summary

The introduction of TKI, notably imatinib and dasatinib, to combination chemo-
therapy has led to improvement in outcomes for children with Ph+ ALL and has 
changed the standard of care for this HR subgroup. Clinical trials conducted over 
the last two decades have demonstrated that HSCT in CR1 no longer is necessary to 
cure the majority of children with Ph+ ALL. Current international efforts are now 
aimed at reducing acute and long-term toxicities while maintaining or improving 
cure rates for these children and identifying novel prognostic factors to improve risk 
stratification. Future studies will need to explore whether the incorporation of novel 
treatment strategies, including immunotherapeutic therapies and alternative BCR- 
ABL1- targeted therapies, such as asciminib, an allosteric inhibitor [46], can further 
improve outcomes for this HR patient subset.
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Chapter 9
Treatment of Adult Philadelphia 
Chromosome-Positive Acute 
Lymphoblastic Leukemia

Oliver G. Ottmann

 Introduction

The translocation t(9;22)(q34;q11) is identified in approximately 25% of adults 
with B-cell precursor ALL and is the single most frequent cytogenetic abnormality 
in adult ALL, referred to as Philadelphia-positive (Ph+) ALL. Juxtaposition of the 
BCR gene on chromosome 22 and the ABL1 gene on chromosome 9 results in a 
BCR-ABL1 fusion gene and a chimeric oncoprotein that leads to constitutive acti-
vation of the ABL1 tyrosine kinase and downstream signalling cascades. Its fre-
quency increases with age with up to 50% of cases in patients older than 60 years 
[1]. Up to two decades ago, Ph+ ALL was the most lethal subtype of acute lympho-
blastic leukemia in adults, characterized by an older median age at diagnosis, lower 
complete remission, and high relapse rates even with intensive induction and con-
solidation chemotherapy. Allogeneic stem cell transplantation (HSCT) was the only 
realistic curative option but could be realized in only a minority of patients, who 
were subsequently at high risk of transplant-related mortality, morbidity, and 
relapse.

The dismal prognosis of this disease changed profoundly with recognition of the 
key leukemogenic role of the chimeric BCR-ABL1 oncoprotein and its deregulated 
tyrosine kinase activity and the advent of BCR-ABL1-directed tyrosine kinase 
inhibitors (TKI). Imatinib was the first TKI to be evaluated in Ph+ ALL, and its 
impact on prognosis has been attributed to the higher proportion of patients under-
going HSCT in CR1 and lower levels of disease at the time of transplant [2]. Clinical 
trials evaluating the more potent second- and third-generation TKI dasatinib, nilo-
tinib, and ponatinib in the first-line setting have indicated they may improve patient 
outcome even without HSCT, although no randomized comparison of TKI has yet 
been reported in the adult population. A clinical trial directly comparing imatinib 
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and ponatinib in conjunction with the same chemotherapy backbone is currently 
ongoing (EWALL-PH03; ClinicalTrials.gov Identifier: NCT04688983). Swedish 
ALL Registry data collected between 2007 and 2015 demonstrate that the use of 
TKI coincided with an improvement of the prognosis of Ph+ ALL in adults up to 
65 years of age on par with or superior to that of Ph-negative ALL. In this real-life 
setting, 5-year survival in patients 18–45 y was 64%, in patients 46–65 y 56%, and 
in patients >65 y 18% [3].

Optimal management of patients with Ph+ ALL is complex and requires consid-
erable attention to detail concerning choice and scheduling of TKI, appropriate use 
of chemotherapy, the indication for allogeneic HSCT, and monitoring of minimal 
residual disease. The underlying therapeutic principles, controversies, remaining 
challenges, and recent developments in treatment of Ph+ ALL in adults are the focus 
of this chapter.

 Clinical Features and Diagnosis

Initial clinical presentation of Ph+ ALL is typical of acute B-cell precursor (BCP) 
ALL in general, with clinical manifestations of anemia, thrombocytopenia, and 
neutropenia. Dense infiltration of the bone marrow by lymphoblasts and a high 
WBC dominated by morphologically undifferentiated blast cells is usually but not 
invariably present, as is mild to moderate hepatosplenomegaly and lymphadenopa-
thy. Clinical signs and symptoms of central nervous system involvement and other 
extramedullary involvement, e.g., of the skin, testes, and soft tissues, should be 
carefully ascertained. They are more frequent in Ph+ ALL but are not per se indica-
tive of this subtype. A lumbar puncture (LP) is part of routine diagnostic workup for 
ALL but may be deferred for a few days in case of very high peripheral blast count 
to avoid contaminating the CSF by leukemic blasts. A LP should be performed in an 
atraumatic manner and always be accompanied by intrathecal prophylactic 
chemotherapy.

Immunophenotyping is essential to confirm the diagnosis of a morphologically 
suspected ALL, and coexpression of myeloid-associated antigens on otherwise typi-
cal lymphoblasts may raise initial suspicion of a BCR-ABL1-positive ALL, particu-
larly in patients older than 50  years. Definitive diagnosis of Ph+ ALL requires 
cytogenetic and/or molecular genetic analyses, the results of which should be avail-
able within days. Conventional karyotyping to demonstrate the translocation t(9;22) 
as hallmark of Ph+ leukemia is considered mandatory by many hematologists, 
while others consider fluorescent in situ hybridization (FISH) sufficient. While 
FISH can be performed rapidly and is relatively inexpensive, cytogenetic analysis 
may reveal additional chromosomal aberrations (ACA) that have been shown to be 
prognostic of outcome but would be missed by FISH. More recently, next- generation 
sequencing (NGS) has become more widely used and may replace cytogenetics as 
a diagnostic tool.
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In a patient with confirmed Ph+ ALL, RT-PCR analysis of BCR-ABL1 tran-
scripts will identify which breakpoint is present, i.e., the p190BCR-ABL1 isoform seen 
in about two-thirds of patients with Ph+ ALL or the p210BCR-ABL1 breakpoint more 
typical of chronic myeloid leukemia (CML) in the remaining one-third. Lymphoid 
blast crisis of a previously undiagnosed CML as opposed to Ph+ ALL may be sug-
gested by basophilia, an unexpectedly high platelet count or pronounced spleno-
megaly but is irrelevant from a clinical management point of view as both entities 
are treated identically. Identification of the correct BCR-ABL1 isoform is important 
for MRD monitoring by qRT-PCR assessment of BCR-ABL1 transcript levels. 
However, qRT-PCR is not acceptable as the sole diagnostic test for Ph+ ALL as 
atypical BCR-ABL1 transcripts may be missed. A diagnostic leukemic sample is 
also needed to identify clone-specific immunoglobulin and T-cell receptor gene 
rearrangements used for MRD analysis by PCR [4]. Determination of a leukemia- 
associated immunophenotype for MRD monitoring by flow cytometry requires an 
initial diagnostic sample, although this may not be needed when standardized MFC 
protocols developed by the EURO-MRD consortium are used [5]. HLA typing 
should be performed in all patients in whom allogeneic HSCT may be even remotely 
considered.

Assessment of laboratory parameters, virus serology, and cardiac, pulmonary, 
renal, and hepatic function follows essentially the same principles as for other acute 
leukemias. Cardiac risk factors and vascular status should be comprehensively 
assessed particularly if treatment with nilotinib or ponatinib is anticipated, with 
attention to the QT interval on ECG as some of the TKI may cause QT 
prolongation.

 Conventional and Genetic Risk Factors

Although Ph+ ALL is considered a very high-risk subtype in adults, several addi-
tional parameters are indicative of a particularly poor prognosis despite optimal 
treatment. Age is inversely correlated with prognosis, and WBC >30/nl, additional 
chromosomal abnormalities, and supernumerary Ph chromosomes at diagnosis have 
been associated with inferior outcome [6–8]. Recurring genomic abnormalities in 
genes involved in B-cell development, e.g., IKZF1 and CDKN2A/B deletions, have 
been linked with less favorable outcome, and recent evidence indicates that the 
number of affected genes is prognostically relevant [9–13]. Data on the prognostic 
relevance of BCR-ABL1 isotype are likewise conflicting. Whereas the p210BCR- ABL1 
breakpoint has been associated with inferior OS and EFS [14], no impact on DFS 
was observed in a trial testing dasatinib monotherapy, despite a more rapid decrease 
of MRD levels in patients with the p190 isoform [15]. A meta-analysis to compre-
hensively assess the impact of BCR-ABL1 isoforms on the clinical outcomes of 
Ph+ ALL patients similarly suggested that p210 was associated with slightly infe-
rior event-free survival (EFS) but not overall survival (OS), a finding possibly not 
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valid in the setting of second- and third-generation TKI. Clinically, CNS involve-
ment is also a harbinger of a higher risk of relapse and usually may precede sys-
temic relapse.

 Standard Treatment for Newly Diagnosed Ph+ ALL

As in all types of ALL, initial prephase therapy of approximately 5-day duration 
with corticosteroids and optional vincristine or low-dose cyclophosphamide is used 
for cytoreduction and to bridge the time to molecular confirmation of the diagnosis.

Supportive standard of care is not unique to Ph+ ALL. Comprehensive reviews 
including clinical management of adult and pediatric patients are provided in two 
recent publications [16, 17].

 Induction Therapy

After demonstration of clinical activity in relapsed and refractory Ph+ ALL [18–
21], imatinib and subsequently other BCR-ABL1 active TKIs were introduced into 
the front-line setting and are now an integral part of the treatment paradigm. Several 
key findings from initial clinical trials have had a major impact on determining the 
standard therapeutic approach, specifically (a) addition of TKI to chemotherapy 
regimens for ALL is largely well tolerated and increases the CR rate substantially, 
(b) earlier addition of imatinib to chemotherapy increases its efficacy and improves 
patient outcome in adults and children [22, 23], and (c) imatinib alone was superior 
to chemotherapy as induction therapy for newly diagnosed Ph+ ALL [24]. 
Consistently, all TKI-based induction regimens achieve CR rates of 90–100%, irre-
spective of age, performance status, or presence of other risk factors. TKI are started 
as soon as the diagnosis of Ph+ ALL has been established, usually within 5 days of 
initial presentation. Rigorous CNS-directed prophylaxis with intrathecal chemo-
therapy (methotrexate, cytosine arabinoside, and dexamethasone) is essential to 
minimize the elevated risk of CNS relapse. This is mandatory also with dasatinib, 
despite its unique ability among TKIs to cross the blood-brain barrier and reach 
therapeutic concentrations in the CSF [25]. CNS irradiation no longer plays a piv-
otal role in CNS-directed prophylaxis in most regimens for Ph+ ALL.

The high CR rate induced by TKI has led to a reevaluation of the role and inten-
sity of chemotherapy during induction. This was conclusively addressed in a ran-
domized trial by the GRAALL Cooperative Study Group which established that the 
combination of imatinib with a deintensified induction regimen was superior to the 
combination with intensive chemotherapy in terms of higher CR rate, less toxicity, 
and lower induction mortality, without adversely affecting long-term outcome [26]. 
Data from phase II trials with all BCR-ABL1-active TKI used for Ph+ ALL are 
consistent with these results [15, 24, 27]. Consequently, the concept of employing a 
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TKI alone or in conjunction with steroids and possibly vincristine has been widely 
adopted as induction therapy particularly for, but not limited to, elderly patients. 
Some regimens for younger patients have retained the combination of intensive 
chemotherapy with TKI during induction [28, 29]. The role of TKI dose during 
induction has not been rigorously examined. Adherence to a higher imatinib dose 
appears to be clinically superior as shown by a trial demonstrating that delivery of 
less than 90% of the planned dose of 800 mg imatinib per day was associated with 
higher probability of relapse and inferior survival even when followed by allogeneic 
HSCT [30]. Additional considerations of TKI usage and dose will be discussed in 
detail below.

 Postremission Therapy

Preventing disease recurrence remains a considerable challenge and is not achieved 
by continuation of imatinib or a second-generation TKI alone or in combination 
with corticosteroids. In a trial with dasatinib as front-line therapy, all patients 
achieved CR, but the relapse rate was inversely correlated with the intensity of pos-
tremission therapy [15]. Most current regimens for fit patients therefore combine a 
TKI with intensive, possibly age-adapted consolidation chemotherapy or allocate 
patients to allogeneic HSCT. Usually one or two consolidation cycles are adminis-
tered prior to transplantation to maintain the CR, reduce MRD levels, and provide 
additional CNS protection afforded by high-dose ara-C and MTX.

Postremission therapy for patients who do not undergo HSCT is administered 
most commonly as either a BFM-style regimen with different consolidation cycles, 
reinduction and prolonged maintenance, or the hyperCVAD regimen followed by 
maintenance [31–34]. TKI and chemotherapy are usually given concurrently; alter-
nating schedules showed no advantage [23]. Overall tolerability is good, but the 
combination of asparaginase with TKI may aggravate toxicity and should probably 
be avoided. The aim of non-transplant therapy is to complete regimen-specified 
consolidation cycles combining TKI with chemotherapy followed by maintenance 
chemotherapy, e.g., the POMP regimen combined with a TKI until at least the end 
of year 2 of therapy. Thereafter, it is common practice to continue TKI indefinitely 
even if MRD remains undetectable, with switching to an alternative inhibitor in the 
event of TKI-associated toxicity or poor tolerability [28, 35–37].

 Stem Cell Transplantation

Historically allogeneic stem cell transplantation (HSCT) has been considered the 
definite curative modality and arguably remains the therapeutic gold standard 
among transplant-eligible patients with Ph+ ALL against which other therapies are 
compared. The limitation of donor availability has been largely eliminated by larger 
donor registries and the option of alternative donor transplants [38, 39]. The time 
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from diagnosis to HSCT nowadays ranges from 3 to 6 months. Because of substan-
tial transplant-related mortality and morbidity caused by graft versus host disease 
and infections, the decision on whether to refer a patient for HSCT has become a 
matter for debate [40].

In adults, numerous trials of imatinib-based first-line therapy have shown signifi-
cantly superior relapse-free survival and overall survival in patients who underwent 
allogeneic HSCT compared with non-transplanted patients [2, 23, 26, 36, 41–44]. 
Similar results were obtained in studies with dasatinib and nilotinib, suggesting 
superiority of HSCT even when compared with the more potent second-generation 
TKI [29, 45, 46]. However, the anti-leukemic efficacy of HSCT is partially negated 
by the high transplant-related mortality ranging from 20% to 40% in ALL and an 
often debilitating morbidity caused by GvHD and prolonged immunosuppression. 
No comparative data are available demonstrating that initial therapy with a second- 
or third-generation TKI is superior to imatinib in patients subsequently undergoing 
allogeneic HSCT. Age, performance status, comorbidities, and tolerability of initial 
therapy are used to assess the patient’s transplant risk, with the Sorror score being a 
widely used instrument [47]. Disease status at transplant (CR1 vs. ≥CR2; CR vs. 
active disease), MRD (negative vs. positive), and pre-HSCT treatment strategy (TKI 
plus chemotherapy vs. TKI plus steroids) were found to be predictive of overall and 
relapse-free survival after HSCT in a large registry study conducted by the Italian 
GITMO [48]. Because the often high TRM in ALL may counterbalance the superior 
anti-leukemic efficacy of allogeneic HSCT, there is an ongoing debate whether 
patients with a good molecular response may be considered for not being trans-
planted in CR1 [49]. In one of the largest prospective studies published to date, 
allogeneic transplantation was associated with a significant benefit in relapse-free 
survival overall, but not in patients achieving major molecular response (MMolR, 
defined as a BCR-ABL1/ABL ratio of <0.1% in the bone marrow) who had a com-
parable outcome with or without allogeneic transplantation [26]. In a retrospective 
analysis comparing TKI plus chemotherapy with HSCT as postremission therapy, 
patients proceeding to allo-HCT fared better than those receiving imatinib with che-
motherapy alone, but in a low-risk cohort defined by good MRD response and low 
WBC at diagnosis, there was no significant difference in CIR, DFS, and OS between 
the transplant and nontransplant cohorts [50]. A similar pattern was observed in a 
Korean study with the second-generation TKI nilotinib, in which no survival benefit 
with alloHSCT was noted among the subset of patients achieving CMR [45]. While 
some data suggest a lack of additional benefit of allo-HCT in patients with deep 
molecular responses to second-generation TKI plus chemotherapy, the limitations 
of existing studies highlight the need for a randomized study to conclusively define 
the role of allo-HCT in patients with a good molecular response [51].

Conditioning Regimens The high TRM following myeloablative conditioning for 
ALL and increasing ability to achieve pre-transplant MRD negativity with TKI- 
based therapy has prompted interest in the use of reduced-intensity conditioning 
(RIC) regimens. In several non-randomized trials, long-term outcome of patients 
with Ph+ ALL following RIC- and MAC-based HSCT was similar, although patients 
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in the RIC cohorts tended to be older with higher transplant risk [52–54]. In a study 
of patients aged 50 years or more who were MRD-negative at HSCT after receiving 
TKI before transplant, overall mortality, relapse, and non-relapse mortality were not 
significantly increased with RIC compared with MAC. However, RIC was associ-
ated with superior overall survival due to a lower incidence of non-relapse mortality 
in patients with a poor performance status or a high HCT comorbidity index [52]. 
Long-term outcomes with RIC and MAC HSCT were also shown to be comparable 
in another study of patients transplanted in CR1 after TKI-based chemotherapy [54].

The relevance of MRD status for outcome in relation to conditioning intensity 
was highlighted in a trial comparing adult patients with Ph+ ALL in CR1 who 
received RIC or MAC. With patients matched for age, donor type, and year of HCT, 
1-year TRM was significantly lower with RIC than MAC (13% vs 36%), while the 
3-year relapse rate was higher with RIC (49% vs. 28%), resulting in similar overall 
survival (RIC 39% vs MAC 35%). MRD positivity before HSCT was associated 
with higher risk of relapse with RIC vs MAC. Conversely, patients achieving MRD 
negativity following pre-HSCT TKI had significantly superior OS (55%) with RIC- 
HSCT compared with a similar MRD population after MAC (55% vs. 33%) [53]. 
The overall conclusion from the available, non-randomized studies is that RIC is a 
valid alternative for Ph+ ALL patients ineligible for MAC, preferably with an MRD-
negative status at the time of HSCT.

 Autologous SCT

Historically ASCT has had no role in treatment of Ph+ ALL due to an excessively 
high relapse rate. Recognition that pre-ASCT MRD levels were prognostic of out-
come [55] and that front-line therapy with TKI resulted in deeper molecular 
responses prompted the EBMT to conduct a retrospective analysis which suggested 
that the availability of TKI coincided with improved outcome following ASCT for 
Ph+ ALL [56]. A subsequent retrospective comparison of myeloablative allogeneic 
HSCT with ASCT for adults with Ph+ ALL in first molecular remission performed 
between 2007 and 2014 revealed nearly identical overall survival at 2 years after 
ASCT, MSD-HSCT, and URD-HSCT. The higher relapse rate following ASCT was 
offset by lower NRM. Total body irradiation-based regimens were associated with 
reduced risk of relapse and overall mortality [57]. A prospective phase II trial in 
which patients were non-randomly assigned to receive allogeneic (n = 15) or autolo-
gous (n = 19) SCT likewise suggested that both approaches can result in similar 
DFS and OS and supported the notion that depth of molecular response is an impor-
tant determinant of outcome following ASCT [58]. These data indicate that ASCT 
may be an alternative option in patients considered to be ineligible for allogeneic 
HSCT, provided they are in molecular remission. Additional evidence for the poten-
tial utility of ASCT stems from a prospective GRAAPH-2005 trial demonstrating 
that in patients who achieved a major molecular response (BCR-ABL1/ABL1 
ratio ≤ 0.1%), OS and RFS were identical following ASCT and allogenic HSCT 
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[26]. In view of uncertainties concerning impact of different TKI, their continuation 
after ASCT, and the criteria for molecular remission, a randomized comparison of 
these treatment modalities should be awaited before routinely adopting ASCT as 
therapy for Ph+ ALL.

 TKI as Post-Transplant Maintenance

Relapse accounts for about half of treatment failures after HSCT and subsequent 
therapies are often unsuccessful. The role of TKI administration after transplanta-
tion has been evaluated in two large retrospective analyses and several small, mostly 
single-arm prospective trials, indicating that use of imatinib after HSCT is associ-
ated with a lower relapse rate and better outcome compared with historic controls 
[59, 60]. Second-generation TKI and ponatinib have been used in a considerably 
smaller number of patients, but their administration after HSCT appears to be safe 
[61, 62]. The only randomized clinical trials addressing post-transplant TKI demon-
strated excellent and virtually identical long-term survival with both prophylactic 
and pre-emptive, MRD-triggered administration of imatinib [63]. Thus, one of these 
two approaches should be considered standard in the post-transplant setting [64]. 
MRD should be monitored frequently, preference given to BM as source of mate-
rial, and close attention paid to the assay sensitivity. Tolerability of all TKI after 
HSCT is worse than in non-transplanted patients, but recommendations on the dura-
tion of TKI maintenance after HSCT range from 1 to over 2 years if possible [63–
65]. Proposed algorithms for use of TKI in the post-transplant setting for Ph+ ALL 
are summarized in a position paper by the EBMT [64] and a comprehensive review 
of published data [60].

 Minimal Residual Disease

The concept of quantitating low-level measurable (minimal) residual disease as a 
prognostic marker and guide to therapy in ALL is well established and applies 
equally to the Ph+ ALL subtype. Three different methodologies are commonly 
used, qRT-PCR for BCR-ABL1 transcripts, PCR analysis of clonal immunoglobu-
lin (Ig) and T cell receptor (TCR) gene rearrangements, and multicolor flow cytom-
etry (MFC) [66–70]. Results obtained with these methods correlate, but sensitivity, 
complexity, assay variability, and costs differ considerably, making it impossible to 
equate results across platforms and often laboratories. Thus, while MRD is an 
accepted surrogate marker for efficacy of treatment and correlates with outcome, 
managing individual patients with Ph+ ALL is critically dependent on correct inter-
pretation of MRD results, the intricacies of which are often underappreciated. Ig/
TCR PCR is the most standardized methodology and is relatively expensive and 
complex, necessitating identification of clonal markers at diagnosis and expertise in 
data analysis. It is the preferred methodology in the pediatric setting, whereas 
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experience with CML has made qRT-PCR for BCR-ABL1 transcripts the most 
widely used technique in adult patients. Interlaboratory variability with qRT-PCR 
can be substantial, and guidelines for standardizing methodology, interpretation, 
and reporting of results are essential. Importantly, it has been recognized that in a 
small proportion of patients, these two methods yield discrepant results, most com-
monly with negative MRD by Ig/TCR combined with detection of BCR-ABL1 tran-
scripts by qRT-PCR, although the inverse has also been observed [71]. The biology 
underlying this discrepancy and the clinical implications remain to be defined, but 
parallel use of both methodologies has been adopted in current clinical trials.

Flow cytometry is the method for monitoring MRD most commonly used in the 
USA but less frequently in Europe. Efforts to standardize MFC for MRD analysis in 
ALL are ongoing [70].

From a practical point of view, bone marrow is the preferred source of material 
for MRD testing with an approximately 1–3 log greater sensitivity than with periph-
eral blood. This and other important technical aspects of MRD analysis have 
recently been reviewed [66]. Clinically meaningful analysis requires a sufficiently 
large quantitative range of each individual assay, and this information should be 
provided with each test result. Failure to comply with this may lead to reporting 
MRD results as negative merely because of inadequate sensitivity of the assay, with 
potentially profound clinical consequences. MRD monitoring in Ph+ ALL is initi-
ated after induction and continued after consolidation cycles and is thus performed 
earlier and more frequently than customary for CML. The decline in MRD levels 
typically is most pronounced during the first 3 months of treatment; it is uncertain 
whether the kinetics of MRD response are prognostic of outcome as suggested by 
two Korean studies [72, 73]. Results may be reported as log decrease from starting 
values, as copy numbers or ratio of leukemic to control transcripts. Details of MRD 
monitoring are provided in several excellent reviews [66] and are beyond the scope 
of this chapter, but the key message is that correct clinical interpretation requires 
attention to these technical details.

The goal of therapy is to achieve the lowest possible levels of MRD, ideally 
below the level of detectability within the first few months of treatment. MRD early 
during therapy, i.e., after induction, is most informative in terms of a likely poor 
outcome if levels remain high, whereas low MRD at later time points is prognostic 
of a favorable long-term prognosis. For an individual patient, the clinical implica-
tions of low or even negative MRD differ profoundly from those in CML, as non- 
transplanted patients even with low or undetectable MRD face a probability of 
relapse-free survival of up to 50% [26].

MRD monitoring provides not only prognostic information but is the basis for 
deciding whether to continue planned therapy or switch to alternative treatment to 
prevent relapse. Clinical intervention based on detectable MRD rather than morpho-
logic evidence of relapse has been demonstrated to be superior for blinatumomab 
treatment of patients with ALL including Ph+ ALL, leading to FDA and EMA 
approval of blinatumomab initially for MRD positive Ph negative and more recently 
Ph+ ALL [74]. The concept of molecular failure or molecular relapse as indication 
for initiating or switching therapy in Ph+ ALL is supported by clinical trials and is 
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not applicable only to blinatumomab. The depth of response to therapy as deter-
mined by quantitative assessment of MRD at the time of HSCT is increasingly 
being recognized as an important predictor of outcome and parameter informing 
transplant decisions [48].

 Kinase Domain Mutations

Resistance to TKI therapy is most frequently associated with point mutations in 
the tyrosine kinase domain (KD) of BCR-ABL1. Such mutations may pre-date the 
start of TKI treatment but are not identified by routine methodologies for muta-
tional analysis. However, rising levels of BCR-ABL transcripts should prompt 
mutation analysis [75]. The spectrum of clinically relevant mutations appears to 
be more restricted than in CML and depends on the TKI used, largely in line with 
the degree of kinase inhibition determined by preclinical in vitro assays. Whereas 
mutations in the p-loop of the BCR-ABL1 KD predominate with imatinib-based 
therapy, this shifts to a greater frequency of the T315I gatekeeper mutation with 
dasatinib and nilotinib. Approximately two-thirds of patients with Ph+ ALL who 
relapsed while receiving dasatinib as front-line therapy harbored the T315I muta-
tion. The only currently approved TKI with activity against T315I is ponatinib, 
which also potently inhibits the other types of mutations associated with TKI 
resistance. Clinical activity against TKD mutations has also been demonstrated in 
a trial using the bispecific T-cell engager blinatumomab in conjunction with dasat-
inib as front-line therapy for Ph+ ALL [76]. Testing for BCR-ABL1 KD muta-
tions is therefore mandatory when clinical relapse occurs and should be used to 
determine which TKI to switch to [75]. In the absence of mutation data, ponatinib 
has the greatest chance of inhibiting the malignant clone. Because of the limited 
sensitivity of Sanger sequencing which requires a variant allele frequency (VAF) 
of about 20%, NGS has become the method of choice for mutation testing, pro-
viding a sensitivity of 1–5% [75]. Using even more sensitive techniques, low-level 
KD mutations have been identified in TKI-naïve patients at diagnosis and to give 
rise to relapse, with at times very rapid growth kinetics [9, 37, 77]. As the clinical 
implications of preexisting low-level mutations have not been prospectively eval-
uated, mutational testing at diagnosis is not yet part of routine patient manage-
ment but is recommended by a position paper on NGS sequencing for Ph+ 
ALL [75].

 Selecting the Best TKI

Based on results of in vitro kinase assays, second- and third-generation TKI (dasat-
inib, nilotinib, and ponatinib) have the theoretical advantage of greater potency than 
imatinib in suppressing BCR-ABL1 kinase activity. Conversely, selectivity in terms 

O. G. Ottmann



195

of kinase inhibition is greatest for imatinib and nilotinib, whereas dasatinib and 
even more so ponatinib are multi-kinase inhibitors that suppress activity of a broad 
range of kinases. These include SRC family kinases (SFK) which have been sug-
gested to contribute to leukemogenesis, although their clinical relevance in Ph+ 
ALL remains uncertain. The kinase inhibition profiles appear to co-determine TKI- 
specific toxicities.

Most trials conducted to date involve imatinib-based regimens, and in some 
countries imatinib is the only TKI approved and available for front-line therapy. 
Clinical criteria for selecting TKI are based primarily on efficacy and safety data 
from relatively small, single-arm phase 2 trials and historical controls given the lack 
of comparative randomized trials. The only exception is a recent randomized study 
comparing dasatinib with imatinib in the context of intensive chemotherapy in pedi-
atric and adolescent patients up to 18 years of age showing that dasatinib given at 
80  mg/m2 per day was more effective than imatinib at 300  mg/m2 per day in 
improving event-free and overall survival [78]. In contrast, long-term follow-up of 
two consecutive studies evaluating the hyperCVAD regimen together with either 
imatinib or dasatinib showed no significant difference in remission duration, RFS, 
or OS [79]. An overview of clinical trials using imatinib or the second- and third- 
generation TKI as front-line therapy for adult patients is provided in Table 9.1.

Dasatinib is the only BCR-ABL1-active TKI that reaches therapeutic levels in 
the CSF, providing a theoretical rationale for its preferential use in patients with 
CNS involvement [25, 80]. It is common practice to combine dasatinib with intra-
thecal chemotherapy in patients with active CNS disease until complete blast cell 
clearance from the CSF has been achieved, following the same treatment principles 
as for patients with Ph-negative ALL.

The main vulnerability of TKIs is the emergence of KD mutations as a principal 
mechanism of resistance, and the spectrum of KD mutations that confer resistance 
differs among TKIs. While all successor compounds to imatinib have broader activ-
ity against most KD mutations [81], all currently approved TKIs except for pona-
tinib display a shared vulnerability in the form of the T315I gatekeeper mutation, 
which has emerged as the most prevalent mutation associated with relapse on 
dasatinib- based therapy. Conceptually, TKI resistance should therefore occur less 
frequently with ponatinib, although resistance due to compound mutations has been 
described [82].

The only published experience with ponatinib as front-line treatment for Ph+ 
ALL to date has been in combination with hyperCVAD. In this single-arm phase 2 
trial, the initial starting dose of ponatinib was reduced from 45 mg orally daily to 
30 mg to reduce the incidence of arterial occlusive events, with further reduction to 
15 mg once a complete molecular response defined as absence of quantifiable BCR- 
ABL1 transcripts was achieved [28]. All patients achieved CR and 83% a complete 
molecular response, with 5-year CR duration and OS rates of 83% and 71%, respec-
tively, superior to historical controls. In a post hoc 6-month landmark analysis, 
whether or not patients underwent allogeneic HSCT had no impact on survival 
(Fig. 9.1) [83]. Likewise, a propensity score analysis showed that treatment with 
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HCVAD plus ponatinib was associated with longer EFS and OS compared with 
treatment with HCVAD plus dasatinib [84].

Tolerability and safety profiles of the TKI used to treat Ph+ ALL differ and may 
influence the choice of drug, but toxicity is usually manageable. Imatinib is associ-
ated with gastrointestinal discomfort and facial edema but has no major toxicity 
concerns. Pleural and pericardial effusions are seen with dasatinib requiring dose 
interruption and modification. Nilotinib and ponatinib may cause amylase and 
lipase elevations and clinically symptomatic pancreatitis, particularly in patients 
with a history of pancreatitis. Reports of cardiovascular AEs with nilotinib and par-
ticularly ponatinib and of pulmonary arterial hypertension with dasatinib have 
raised concerns about long-term sequelae of drugs that may be administered for 
decades [85]. The cardiovascular ischemic as well as embolic or thrombotic periph-
eral vascular events associated with ponatinib and nilotinib necessitate a thorough 
evaluation of the patients’ cardiovascular status and disease history before com-
mencing with TKI therapy. Factors associated with increased risk of cardiovascular 
occlusion events include older age; higher dose; history of myocardial infarction or 
prior vascular events; prior history of ischemia, hypertension, diabetes, or hyperlip-
idemia; and ponatinib dose [86]. Experience in CML and Ph+ ALL suggests that 
patients are generally not able to tolerate 45 mg long term and that dose reduction 
to 30  mg during initial therapy for Ph+ ALL largely mitigates arterial occlusive 
events without compromising efficacy [28]. Further reduction to 15 mg in patients 
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Fig. 9.1 Survival of patients receiving hyperCVAD in combination with ponatinib as first-line 
therapy for Ph+ ALL. Kaplan-Meier curves with and without censoring for allogeneic 
HSCT.  Median follow-up is 66  months (interquartile range 22–63  months). (With permission 
from [28])
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achieving complete molecular response has been reported to be feasible, but lower 
doses are not recommended as blood concentrations are below those found to com-
pletely suppress the emergence of BCR-ABL mutations in preclinical studies [28, 
87]. In patients at high risk of experiencing cardiovascular events, management 
includes normalization of blood pressure, blood glucose, and lipids by pharmaco-
logic and lifestyle intervention and monitoring [88].

 Combining TKI with Immunooncology Agents

The need to improve the remission duration achieved with TKI alone and minimize 
the toxicity of chemotherapy has led to evaluation of approaches combining TKI 
with immunotherapy. Extremely promising results were achieved in a trial con-
ducted by the GIMEMA in which an 85-day induction period with dasatinib and 
corticosteroids was followed by up to five cycles of blinatumomab added to dasat-
inib [76]. By the end of dasatinib induction on day 85, a CR was achieved in 98% 
of the 63 enrolled patients, and 29% had a molecular response, which increased to 
60% after two cycles of blinatumomab. Overall and disease-free survival was 95% 
and 88%, respectively, at a median follow-up of 18 months and with approximately 
40% of patients undergoing allogeneic HSCT.  ABL1 mutations detected in six 
patients with MRD were cleared by blinatumomab. This concept of largely 
chemotherapy- free (except for intrathecal prophylaxis) first-line therapy for Ph+ 
ALL is being tested in a randomized trial of elderly patients in which one of three 
treatment arms combines ponatinib with blinatumomab from the start of induction 
therapy (EWALL-PH03; NCT04688983). A randomized phase III trial of steroids 
plus either dasatinib or ponatinib (investigator’s choice) with chemotherapy or blin-
atumomab as induction for adult patients up to 75 years with newly diagnosed Ph+ 
ALL is also enrolling patients (EA9181; NCT04530565). Another still ongoing, 
non-randomized parallel group phase 2 trial is examining blinatumomab and com-
bination chemotherapy or dasatinib, prednisone, and blinatumomab in treating older 
patients with acute lymphoblastic leukemia, including Ph+ ALL (SWOG 1318, 
NCT02143414) (Fig. 9.2).

 Salvage Therapy

Relapse remains the main cause of treatment failure in patients with Ph+ ALL and 
carries a dismal prognosis, particularly if relapse occurs within 18 months of initial 
CR or after HSCT [89–91]. Most patients with recurrent Ph+ ALL will have received 
one or more prior TKI and developed resistance, so testing for BCR-ABL1 KD 
mutations is mandatory. These results inform the choice of TKI, but response rates 
are low even with an appropriate inhibitor. Single-agent second- and third- generation 
TKI induced a hematologic response in 16–46% of patients with recurring Ph+ ALL 
[19–21, 92, 93], and median overall survival was short. Despite ponatinib being 
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active against the threonine-to-isoleucine mutation at position 315, median PFS and 
OS with ponatinib monotherapy of 32 heavily pretreated patients including 22 with 
a T315I mutation were only 3 months and 8 months, respectively [87]. These results 
were largely duplicated in a retrospective observational study (OPAL) of ponatinib 
salvage therapy in a real-life setting, demonstrating an acceptable safety profile and 
encouraging CR rate but poor overall outcome even in patients proceeding to allo-
geneic HSCT [94].

The focus of novel treatment approaches for relapsed or refractory (R/R) Ph+ 
ALL has therefore shifted to immunotherapeutic strategies including antibody drug 
conjugates, T-cell engaging antibodies (BiTEs), and chimeric antigen receptor 
T-cells (CART). A retrospective analysis of the subset of patients with R/R Ph+ 
ALL enrolled in the phase 3 (INO-VATE) study of inotuzumab ozogamicin (InO) 
showed higher CR and molecular remission rates and longer PFS with InO com-
pared with standard of care but no benefit in median OS, despite a considerably 
higher rate of allogeneic HSCT [95, 96]. In the only study examining the bispecific 
T-cell engager (BiTE) blinatumomab as single agent exclusively in R/R Ph+ ALL 
(ALCANTARA), 36% of patients achieved CR/CRh during the first two cycles, 
including four of ten patients with the T315I mutation [97]. While most patients in 
CR also reached molecular CR (88%), only 16% of the patients underwent HSCT, 
and median relapse-free survival and overall survival were 6.7 and 7.1  months, 
respectively.

Considering the uncertain response and short response duration of single-agent 
therapy, current treatment approaches are focusing on combination therapies such 
as TKI combined with chemotherapy or immunotherapy. In a retrospective analysis 
of a chemotherapy-free approach combining blinatumomab with ponatinib in 26 
relapsed/refractory Ph+ ALL patients, all but 1 achieved complete morphologic 
remission, and 23 achieved a complete molecular response; the median overall (OS) 
and event-free (EFS) survivals were 20 and 15.3 months, respectively. Despite some 
reversible neurotoxicity and cytokine release syndrome, tolerability was viewed as 
favorable and efficacy encouraging, warranting prospective evaluation [98].
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Chimeric antigen receptor (CAR) T-lymphocytes engineered to express recep-
tors targeting the B-cell antigen CD19 are approved for the treatment of children 
and young adults with relapsed and refractory ALL. CD19 CAR T-cell therapy has 
shown encouraging response and outcome data including in a small number (n = 16) 
of patients with Ph+ ALL [99]. Because cytokine release syndrome (CRS) and neu-
rotoxicity are encountered in a clinically significant proportion of patients, the role 
of CART cell therapy in Ph+ ALL remains to be determined, including where in the 
treatment course it is best positioned, whether it may replace HSCT, and whether it 
should precede or follow immunotherapy.

Apart from the addition of BCR-ABL1-directed TKI, available modalities are 
the same as or other B-lineage ALL for which more extensive data are available than 
for Ph+ ALL, and experience with immunotherapy for Ph-negative BCP-ALL stud-
ies can largely be extrapolated to Ph+ ALL, as discussed in Chaps. 12 and 14. In 
view of the short survival with current salvage regimens, it is paramount to prevent 
overt disease recurrence. The therapeutic approach to molecular or hematologic 
relapse is determined by prior therapy, duration of previous CR, eligibility for and 
expected time to allogeneic HSCT, performance status, and comorbidities.

 Summary and Conclusions

With the availability of TKI as first-line therapy for Ph+ ALL, the initial goals of 
treatment have shifted from achieving a complete remission to inducing a deep 
molecular response while simultaneously minimizing the toxicity of induction ther-
apy. In fit patients, allogeneic HSCT remains the standard postremission therapy 
against which new therapies have to be compared, but the benefit of HSCT in 
patients with a good molecular response is increasingly being questioned. Studies 
combining potent second- and third-generation TKI with other classes of targeted 
therapies, most notably immunotherapeutic agents such as blinatumomab, increase 
the molecular response rate and may lead to a paradigm change in which cytotoxic 
chemotherapy is no longer required. Monitoring of residual disease throughout 
therapy provides critical, therapeutically actionable information with molecular 
persistence or molecular relapse as clear indications for therapeutic intervention. 
Hematologic relapse has unfortunately retained its dismal prognosis and should be 
prevented at all cost. Further improvements in first-line treatment based on targeted 
and immunotherapeutic strategies utilizing antibody-based or cellular therapies will 
have the greatest impact on prognosis,

References

 1. Burmeister T, Schwartz S, Bartram CR, Gokbuget N, Hoelzer D, Thiel E, et  al. Patients’ 
age and BCR-ABL frequency in adult B-precursor ALL: a retrospective analysis from the 
GMALL study group. Blood. 2008;112(3):918–9.

O. G. Ottmann



201

 2. Fielding AK, Rowe JM, Buck G, Foroni L, Gerrard G, Litzow MR, et  al. UKALLXII/
ECOG2993: addition of imatinib to a standard treatment regimen enhances long-term out-
comes in Philadelphia positive acute lymphoblastic leukemia. Blood. 2014;123(6):843–50.

 3. Lennmyr E, Karlsson K, Ahlberg L, Garelius H, Hulegardh E, Izarra AS, et al. Survival in 
adult acute lymphoblastic leukaemia (ALL): a report from the Swedish ALL Registry. Eur J 
Haematol. 2019;103(2):88–98.

 4. Szczepanski T, Beishuizen A, Pongers-Willemse MJ, Hahlen K, Van Wering ER, Wijkhuijs 
AJ, et al. Cross-lineage T cell receptor gene rearrangements occur in more than ninety per-
cent of childhood precursor-B acute lymphoblastic leukemias: alternative PCR targets for 
detection of minimal residual disease. Leukemia. 1999;13(2):196–205.

 5. Theunissen P, Mejstrikova E, Sedek L, van der Sluijs-Gelling AJ, Gaipa G, Bartels M, et al. 
Standardized flow cytometry for highly sensitive MRD measurements in B-cell acute lym-
phoblastic leukemia. Blood. 2017;129(3):347–57.

 6. Aldoss I, Stiller T, Cao TM, Palmer JM, Thomas SH, Forman SJ, et  al. Impact of addi-
tional cytogenetic abnormalities in adults with Philadelphia chromosome-positive acute lym-
phoblastic leukemia undergoing allogeneic hematopoietic cell transplantation. Biol Blood 
Marrow Transplant. 2015;21(7):1326–9.

 7. Seol CA, Cho YU, Jang S, Park CJ, Lee JH, Lee JH, et al. Prognostic significance of recur-
rent additional chromosomal abnormalities in adult patients with Philadelphia chromosome- 
positive acute lymphoblastic leukemia. Cancer Genet. 2017;216-217:29–36.

 8. Short NJ, Kantarjian HM, Sasaki K, Ravandi F, Ko H, Cameron Yin C, et al. Poor outcomes 
associated with +der(22)t(9;22) and −9/9p in patients with Philadelphia chromosome- 
positive acute lymphoblastic leukemia receiving chemotherapy plus a tyrosine kinase inhibi-
tor. Am J Hematol. 2017;92(3):238–43.

 9. Pfeifer H, Lange T, Wystub S, Wassmann B, Maier J, Binckebanck A, et al. Prevalence and 
dynamics of bcr-abl kinase domain mutations during imatinib treatment differ in patients with 
newly diagnosed and recurrent bcr-abl positive acute lymphoblastic leukemia. Leukemia. 
2012;26(7):1475–81.

 10. Martinelli G, Iacobucci I, Storlazzi CT, Vignetti M, Paoloni F, Cilloni D, et al. IKZF1 (Ikaros) 
deletions in BCR-ABL1-positive acute lymphoblastic leukemia are associated with short 
disease-free survival and high rate of cumulative incidence of relapse: a GIMEMA AL WP 
report. J Clin Oncol. 2009;27(31):5202–7.

 11. Mullighan CG.  The genomic landscape of acute lymphoblastic leukemia in children and 
young adults. Hematology Am Soc Hematol Educ Program. 2014;2014(1):174–80.

 12. Mullighan CG, Miller CB, Radtke I, Phillips LA, Dalton J, Ma J, et al. BCR-ABL1 lympho-
blastic leukaemia is characterized by the deletion of Ikaros. Nature. 2008;453(7191):110–4.

 13. van der Veer A, Zaliova M, Mottadelli F, De Lorenzo P, Te Kronnie G, Harrison CJ, et al. 
IKZF1 status as a prognostic feature in BCR-ABL1-positive childhood ALL.  Blood. 
2014;123(11):1691–8.

 14. Jing Y, Chen H, Liu M, Zhou M, Guo Y, Gao C, et al. Susceptibility of Ph-positive all to TKI 
therapy associated with Bcr-Abl rearrangement patterns: a retrospective analysis. PLoS One. 
2014;9(11):e110431.

 15. Foa R, Vitale A, Vignetti M, Meloni G, Guarini A, De Propris MS, et al. Dasatinib as first- 
line treatment for adult patients with Philadelphia chromosome-positive acute lymphoblastic 
leukemia. Blood. 2011;118(25):6521–8.

 16. Cook J, Litzow M.  Advances in supportive care for acute lymphoblastic leukemia. Curr 
Hematol Malig Rep. 2020;15(4):276–93.

 17. Brown P, Inaba H, Annesley C, Beck J, Colace S, Dallas M, et al. Pediatric acute lymphoblas-
tic Leukemia, version 2.2020, NCCN clinical practice guidelines in oncology. J Natl Compr 
Cancer Netw. 2020;18(1):81–112.

 18. Druker BJ, Sawyers CL, Kantarjian H, Resta DJ, Reese SF, Ford JM, et  al. Activity of a 
specific inhibitor of the BCR-ABL tyrosine kinase in the blast crisis of chronic myeloid leu-
kemia and acute lymphoblastic leukemia with the Philadelphia chromosome. N Engl J Med. 
2001;344(14):1038–42.

9 Treatment of Adult Philadelphia Chromosome-Positive Acute Lymphoblastic…



202

 19. Ottmann O, Dombret H, Martinelli G, Simonsson B, Guilhot F, Larson RA, et al. Dasatinib 
induces rapid hematologic and cytogenetic responses in adult patients with Philadelphia 
chromosome positive acute lymphoblastic leukemia with resistance or intolerance to ima-
tinib: interim results of a phase 2 study. Blood. 2007;110(7):2309–15.

 20. Ottmann OG, Druker BJ, Sawyers CL, Goldman JM, Reiffers J, Silver RT, et al. A phase 2 
study of imatinib in patients with relapsed or refractory Philadelphia chromosome-positive 
acute lymphoid leukemias. Blood. 2002;100(6):1965–71.

 21. Ottmann OG, Larson RA, Kantarjian HM, le Coutre PD, Baccarani M, Hochhaus A, et al. 
Phase II study of nilotinib in patients with relapsed or refractory Philadelphia chromosome-
-positive acute lymphoblastic leukemia. Leukemia. 2013;27(6):1411–3.

 22. Schultz KR, Bowman WP, Aledo A, Slayton WB, Sather H, Devidas M, et al. Improved early 
event-free survival with imatinib in Philadelphia chromosome-positive acute lymphoblastic 
leukemia: a children’s oncology group study. J Clin Oncol. 2009;27(31):5175–81.

 23. Wassmann B, Pfeifer H, Goekbuget N, Beelen DW, Beck J, Stelljes M, et al. Alternating ver-
sus concurrent schedules of imatinib and chemotherapy as front-line therapy for Philadelphia- 
positive acute lymphoblastic leukemia (Ph+ ALL). Blood. 2006;108(5):1469–77.

 24. Ottmann OG, Wassmann B, Pfeifer H, Giagounidis A, Stelljes M, Duhrsen U, et  al. 
Imatinib compared with chemotherapy as front-line treatment of elderly patients with 
Philadelphia chromosome- positive acute lymphoblastic leukemia (Ph+ALL). Cancer. 
2007;109(10):2068–76.

 25. Porkka K, Koskenvesa P, Lundan T, Rimpilainen J, Mustjoki S, Smykla R, et al. Dasatinib 
crosses the blood-brain barrier and is an efficient therapy for central nervous system 
Philadelphia chromosome-positive leukemia. Blood. 2008;112(4):1005–12.

 26. Chalandon Y, Thomas X, Hayette S, Cayuela JM, Abbal C, Huguet F, et  al. Randomized 
study of reduced-intensity chemotherapy combined with imatinib in adults with Ph-positive 
acute lymphoblastic leukemia. Blood. 2015;125(24):3711–9.

 27. Chiaretti S.  Should treatment of Philadelphia chromosome-positive acute lymphoblastic 
leukemia be intensive? Intensive treatment is not necessary, at least in induction. Clin Adv 
Hematol Oncol. 2016;14(11):892–6.

 28. Jabbour E, Short NJ, Ravandi F, Huang X, Daver N, DiNardo CD, et  al. Combination of 
hyper-CVAD with ponatinib as first-line therapy for patients with Philadelphia chromosome- 
positive acute lymphoblastic leukaemia: long-term follow-up of a single-centre, phase 2 
study. Lancet Haematol. 2018;5(12):e618–e27.

 29. Ravandi F, Othus M, O’Brien SM, Forman SJ, Ha CS, Wong JYC, et al. US intergroup study 
of chemotherapy plus dasatinib and allogeneic stem cell transplant in Philadelphia chromo-
some positive ALL. Blood Adv. 2016;1(3):250–9.

 30. Lim SN, Joo YD, Lee KH, Kim DY, Lee JH, Lee JH, et al. Long-term follow-up of imatinib 
plus combination chemotherapy in patients with newly diagnosed Philadelphia chromosome- 
positive acute lymphoblastic leukemia. Am J Hematol. 2015;90(11):1013–20.

 31. Abou Dalle I, Jabbour E, Short NJ, Ravandi F.  Treatment of Philadelphia chromosome- 
positive acute lymphoblastic leukemia. Curr Treat Options in Oncol. 2019;20(1):4.

 32. Bleckmann K, Schrappe M. Advances in therapy for Philadelphia-positive acute lymphoblas-
tic leukaemia of childhood and adolescence. Br J Haematol. 2016;172(6):855–69.

 33. Carobolante F, Chiaretti S, Skert C, Bassan R. Practical guidance for the management of 
acute lymphoblastic leukemia in the adolescent and young adult population. Ther Adv 
Hematol. 2020;11:2040620720903531.

 34. Ravandi F. Current management of Philadelphia chromosome positive ALL and the role of 
stem cell transplantation. Hematology Am Soc Hematol Educ Program. 2017;2017(1):22–7.

 35. Ravandi F, O’Brien SM, Cortes JE, Thomas DM, Garris R, Faderl S, et  al. Long-term 
follow-up of a phase 2 study of chemotherapy plus dasatinib for the initial treatment of 
patients with Philadelphia chromosome-positive acute lymphoblastic leukemia. Cancer. 
2015;121(23):4158–64.

O. G. Ottmann



203

 36. Thomas DA, Faderl S, Cortes J, O’Brien S, Giles FJ, Kornblau SM, et  al. Treatment of 
Philadelphia chromosome-positive acute lymphocytic leukemia with hyper-CVAD and ima-
tinib mesylate. Blood. 2004;103(12):4396–407.

 37. Rousselot P, Coude MM, Gokbuget N, Gambacorti Passerini C, Hayette S, Cayuela JM, et al. 
Dasatinib and low-intensity chemotherapy in elderly patients with Philadelphia chromosome- 
positive ALL. Blood. 2016;128(6):774–82.

 38. Gao L, Zhang C, Gao L, Liu Y, Su Y, Wang S, et al. Favorable outcome of haploidentical 
hematopoietic stem cell transplantation in Philadelphia chromosome-positive acute lympho-
blastic leukemia: a multicenter study in Southwest China. J Hematol Oncol. 2015;8:90.

 39. Xue YJ, Suo P, Huang XJ, Lu AD, Wang Y, Zuo YX, et al. Superior survival of unmanipulated 
haploidentical haematopoietic stem cell transplantation compared with intensive chemother-
apy as post-remission treatment for children with very high-risk Philadelphia chromosome 
negative B-cell acute lymphoblastic leukaemia in first complete remission. Br J Haematol. 
2020;188(5):757–67.

 40. Litzow MR. Allogeneic transplantation for patients with Philadelphia chromosome positive 
acute lymphoblastic leukemia: is it imperative in the tyrosine kinase inhibitor era? Best Pract 
Res Clin Haematol. 2018;31(4):357–60.

 41. Bassan R, Rossi G, Pogliani EM, Di Bona E, Angelucci E, Cavattoni I, et al. Chemotherapy- 
phased imatinib pulses improve long-term outcome of adult patients with Philadelphia 
chromosome- positive acute lymphoblastic leukemia: Northern Italy Leukemia Group proto-
col 09/00. J Clin Oncol. 2010;28(22):3644–52.

 42. de Labarthe A, Rousselot P, Huguet-Rigal F, Delabesse E, Witz F, Maury S, et al. Imatinib 
combined with induction or consolidation chemotherapy in patients with de novo Philadelphia 
chromosome-positive acute lymphoblastic leukemia: results of the GRAAPH-2003 study. 
Blood. 2007;109(4):1408–13.

 43. Ribera JM, Oriol A, Gonzalez M, Vidriales B, Brunet S, Esteve J, et al. Concurrent inten-
sive chemotherapy and imatinib before and after stem cell transplantation in newly diag-
nosed Philadelphia chromosome-positive acute lymphoblastic leukemia. Final results of the 
CSTIBES02 trial. Haematologica. 2010;95(1):87–95.

 44. Yanada M, Naoe T. Imatinib combined chemotherapy for Philadelphia chromosome- positive 
acute lymphoblastic leukemia: major challenges in current practice. Leuk Lymphoma. 
2006;47(9):1747–53.

 45. Kim DY, Joo YD, Lim SN, Kim SD, Lee JH, Lee JH, et al. Nilotinib combined with multia-
gent chemotherapy for newly diagnosed Philadelphia-positive acute lymphoblastic leukemia. 
Blood. 2015;126(6):746–56.

 46. Liu B, Wang Y, Zhou C, Wei H, Lin D, Li W, et al. Nilotinib combined with multi-agent 
chemotherapy in newly diagnosed Philadelphia chromosome-positive acute lymphoblas-
tic leukemia: a single-center prospective study with long-term follow-up. Ann Hematol. 
2019;98(3):633–45.

 47. Sorror ML, Sandmaier BM, Storer BE, Maris MB, Baron F, Maloney DG, et al. Comorbidity 
and disease status based risk stratification of outcomes among patients with acute myeloid 
leukemia or myelodysplasia receiving allogeneic hematopoietic cell transplantation. J Clin 
Oncol. 2007;25(27):4246–54.

 48. Candoni A, Rambaldi A, Fanin R, Velardi A, Arcese W, Ciceri F, et al. Outcome of alloge-
neic hematopoietic stem cell transplantation in adult patients with Philadelphia chromosome- 
positive acute lymphoblastic leukemia in the era of tyrosine kinase inhibitors: a registry-based 
study of the Italian blood and marrow transplantation society (GITMO). Biol Blood Marrow 
Transplant. 2019;25(12):2388–97.

 49. Litzow MR, Fielding AK, Luger SM, Paietta E, Ofran Y, Rowe JM, et al. The evolving role 
of chemotherapy and hematopoietic cell transplants in Ph-positive acute lymphoblastic leu-
kemia in adults. Bone Marrow Transplant. 2017;52(12):1592–8.

 50. Wang J, Jiang Q, Xu LP, Zhang XH, Chen H, Qin YZ, et  al. Allogeneic stem cell trans-
plantation versus tyrosine kinase inhibitors combined with chemotherapy in patients with 

9 Treatment of Adult Philadelphia Chromosome-Positive Acute Lymphoblastic…



204

Philadelphia chromosome-positive acute lymphoblastic leukemia. Biol Blood Marrow 
Transplant. 2018;24(4):741–50.

 51. Wieduwilt MJ.  In the era of BCR-ABL1 inhibitors, are we closing the survival gap 
between allogeneic hematopoietic cell transplantation and chemotherapy for Philadelphia 
chromosome- positive acute lymphoblastic leukemia in first complete remission? Biol Blood 
Marrow Transplant. 2018;24(4):637–8.

 52. Akahoshi Y, Nishiwaki S, Arai Y, Harada K, Najima Y, Kanda Y, et al. Reduced-intensity con-
ditioning is a reasonable alternative for Philadelphia chromosome-positive acute lymphoblas-
tic leukemia among elderly patients who have achieved negative minimal residual disease: a 
report from the Adult Acute Lymphoblastic Leukemia Working Group of the JSHCT. Bone 
Marrow Transplant. 2020;55(7):1317–25.

 53. Bachanova V, Marks DI, Zhang MJ, Wang H, de Lima M, Aljurf MD, et al. Ph+ ALL patients 
in first complete remission have similar survival after reduced intensity and myeloablative 
allogeneic transplantation: impact of tyrosine kinase inhibitor and minimal residual disease. 
Leukemia. 2014;28(3):658–65.

 54. Yoon JH, Min GJ, Park SS, Jeon YW, Lee SE, Cho BS, et al. Minimal residual disease-based 
long-term efficacy of reduced-intensity conditioning versus myeloablative conditioning for 
adult Philadelphia-positive acute lymphoblastic leukemia. Cancer. 2019;125(6):873–83.

 55. Giebel S, Stella-Holowiecka B, Krawczyk-Kulis M, Gokbuget N, Hoelzer D, Doubek M, 
et al. Status of minimal residual disease determines outcome of autologous hematopoietic 
SCT in adult ALL. Bone Marrow Transplant. 2010;45(6):1095–101.

 56. Giebel S, Labopin M, Gorin NC, Caillot D, Leguay T, Schaap N, et al. Improving results of 
autologous stem cell transplantation for Philadelphia-positive acute lymphoblastic leukaemia 
in the era of tyrosine kinase inhibitors: a report from the Acute Leukaemia Working Party of 
the European Group for Blood and Marrow Transplantation. Eur J Cancer. 2014;50(2):411–7.

 57. Giebel S, Labopin M, Potter M, Poire X, Sengeloev H, Socie G, et al. Comparable results 
of autologous and allogeneic haematopoietic stem cell transplantation for adults with 
Philadelphia-positive acute lymphoblastic leukaemia in first complete molecular remission: 
an analysis by the Acute Leukemia Working Party of the EBMT. Eur J Cancer. 2018;96:73–81.

 58. Wetzler M, Watson D, Stock W, Koval G, Mulkey FA, Hoke EE, et al. Autologous trans-
plantation for Philadelphia chromosome-positive acute lymphoblastic leukemia achieves 
outcomes similar to allogeneic transplantation: results of CALGB study 10001 (Alliance). 
Haematologica. 2014;99(1):111–5.

 59. Brissot E, Labopin M, Beckers MM, Socie G, Rambaldi A, Volin L, et al. Tyrosine kinase 
inhibitors improve long-term outcome of allogeneic hematopoietic stem cell transplantation 
for adult patients with Philadelphia chromosome positive acute lymphoblastic leukemia. 
Haematologica. 2015;100(3):392–9.

 60. Warraich Z, Tenneti P, Thai T, Hubben A, Amin H, McBride A, et al. Relapse prevention 
with tyrosine kinase inhibitors after allogeneic transplantation for Philadelphia chromosome- 
positive acute lymphoblast leukemia: a systematic review. Biol Blood Marrow Transplant. 
2020;26(3):e55–64.

 61. Liu H, Xuan L, Lin R, Deng L, Fan Z, Nie D, et al. A new pre-emptive TKIs strategy for 
preventing relapse based on BCR/ABL monitoring for Ph+ALL undergoing allo-HCT: a pro-
spective clinical cohort study. Leukemia. 2020;35(7):2054–63.

 62. Nanno S, Matsumoto K, Nakamae M, Okamura H, Nishimoto M, Hirose A, et  al. Effect 
of prophylactic post-transplant ponatinib administration on outcomes in patients with 
Philadelphia chromosome-positive acute lymphoblastic leukemia. Clin Lymphoma Myeloma 
Leuk. 2020;20(12):813–9 e1.

 63. Pfeifer H, Wassmann B, Bethge W, Dengler J, Bornhauser M, Stadler M, et al. Randomized 
comparison of prophylactic and minimal residual disease-triggered imatinib after allogeneic 
stem cell transplantation for BCR-ABL1-positive acute lymphoblastic leukemia. Leukemia. 
2013;27(6):1254–62.

O. G. Ottmann



205

 64. Giebel S, Czyz A, Ottmann O, Baron F, Brissot E, Ciceri F, et al. Use of tyrosine kinase inhib-
itors to prevent relapse after allogeneic hematopoietic stem cell transplantation for patients 
with Philadelphia chromosome-positive acute lymphoblastic leukemia: a position state-
ment of the Acute Leukemia Working Party of the European Society for Blood and Marrow 
Transplantation. Cancer. 2016;122(19):2941–51.

 65. Saini N, Marin D, Ledesma C, Delgado R, Rondon G, Popat UR, et  al. Impact of TKIs 
post-allogeneic hematopoietic cell transplantation in Philadelphia chromosome-positive 
ALL. Blood. 2020;136(15):1786–9.

 66. Bruggemann M, Kotrova M. Minimal residual disease in adult ALL: technical aspects and 
implications for correct clinical interpretation. Blood Adv. 2017;1(25):2456–66.

 67. Bruggemann M, Schrauder A, Raff T, Pfeifer H, Dworzak M, Ottmann OG, et al. Standardized 
MRD quantification in European ALL trials: proceedings of the Second International 
Symposium on MRD assessment in Kiel, Germany, 18-20 September 2008. Leukemia. 
2010;24(3):521–35.

 68. van der Velden VH, Cazzaniga G, Schrauder A, Hancock J, Bader P, Panzer-Grumayer ER, 
et al. Analysis of minimal residual disease by Ig/TCR gene rearrangements: guidelines for 
interpretation of real-time quantitative PCR data. Leukemia. 2007;21(4):604–11.

 69. van Dongen JJ, Macintyre EA, Gabert JA, Delabesse E, Rossi V, Saglio G, et al. Standardized 
RT-PCR analysis of fusion gene transcripts from chromosome aberrations in acute leukemia 
for detection of minimal residual disease. Report of the BIOMED-1 Concerted Action: inves-
tigation of minimal residual disease in acute leukemia. Leukemia. 1999;13(12):1901–28.

 70. van Dongen JJ, van der Velden VH, Bruggemann M, Orfao A. Minimal residual disease diag-
nostics in acute lymphoblastic leukemia: need for sensitive, fast, and standardized technolo-
gies. Blood. 2015;125(26):3996–4009.

 71. Nagel I, Bartels M, Duell J, Oberg HH, Ussat S, Bruckmueller H, et al. Hematopoietic stem 
cell involvement in BCR-ABL1-positive ALL as a potential mechanism of resistance to blin-
atumomab therapy. Blood. 2017;130(18):2027–31.

 72. Lee S, Kim DW, Cho BS, Yoon JH, Shin SH, Yahng SA, et al. Impact of minimal residual 
disease kinetics during imatinib-based treatment on transplantation outcome in Philadelphia 
chromosome-positive acute lymphoblastic leukemia. Leukemia. 2012;26(11):2367–74.

 73. Yoon JH, Yhim HY, Kwak JY, Ahn JS, Yang DH, Lee JJ, et al. Minimal residual disease- 
based effect and long-term outcome of first-line dasatinib combined with chemotherapy 
for adult Philadelphia chromosome-positive acute lymphoblastic leukemia. Ann Oncol. 
2016;27(6):1081–8.

 74. Gokbuget N, Dombret H, Bonifacio M, Reichle A, Graux C, Faul C, et al. Blinatumomab 
for minimal residual disease in adults with B-cell precursor acute lymphoblastic leukemia. 
Blood. 2018;131(14):1522–31.

 75. Soverini S, Albano F, Bassan R, Fabbiano F, Ferrara F, Foa R, et al. Next-generation sequenc-
ing for BCR-ABL1 kinase domain mutations in adult patients with Philadelphia chromosome- 
positive acute lymphoblastic leukemia: a position paper. Cancer Med. 2020;9(9):2960–70.

 76. Foa R, Bassan R, Vitale A, Elia L, Piciocchi A, Puzzolo MC, et al. Dasatinib-Blinatumomab 
for Ph-positive acute lymphoblastic leukemia in adults. N Engl J Med. 2020;383(17):1613–23.

 77. Pfeifer H, Wassmann B, Pavlova A, Wunderle L, Oldenburg J, Binckebanck A, et al. Kinase 
domain mutations of BCR-ABL frequently precede imatinib-based therapy and give rise to 
relapse in patients with de novo Philadelphia-positive acute lymphoblastic leukemia (Ph+ 
ALL). Blood. 2007;110(2):727–34.

 78. Shen S, Chen X, Cai J, Yu J, Gao J, Hu S, et al. Effect of dasatinib vs imatinib in the treatment 
of pediatric Philadelphia chromosome-positive acute lymphoblastic leukemia: a randomized 
clinical trial. JAMA Oncol. 2020;6(3):358–66.

 79. Ravandi F, Jorgensen JL, Thomas DA, O’Brien S, Garris R, Faderl S, et al. Detection of MRD 
may predict the outcome of patients with Philadelphia chromosome-positive ALL treated 
with tyrosine kinase inhibitors plus chemotherapy. Blood. 2013;122(7):1214–21.

9 Treatment of Adult Philadelphia Chromosome-Positive Acute Lymphoblastic…



206

 80. Pfeifer H, Wassmann B, Hofmann WK, Komor M, Scheuring U, Bruck P, et al. Risk and prog-
nosis of central nervous system leukemia in patients with Philadelphia chromosome-positive 
acute leukemias treated with imatinib mesylate. Clin Cancer Res. 2003;9(13):4674–81.

 81. Hantschel O, Rix U, Superti-Furga G. Target spectrum of the BCR-ABL inhibitors imatinib, 
nilotinib and dasatinib. Leuk Lymphoma. 2008;49(4):615–9.

 82. Zabriskie MS, Eide CA, Tantravahi SK, Vellore NA, Estrada J, Nicolini FE, et al. BCR-ABL1 
compound mutations combining key kinase domain positions confer clinical resistance to 
ponatinib in Ph chromosome-positive leukemia. Cancer Cell. 2014;26(3):428–42.

 83. Jabbour E, Kantarjian H, Ravandi F, Thomas D, Huang X, Faderl S, et al. Combination of 
hyper-CVAD with ponatinib as first-line therapy for patients with Philadelphia chromosome- 
positive acute lymphoblastic leukaemia: a single-centre, phase 2 study. Lancet Oncol. 
2015;16(15):1547–55.

 84. Sasaki K, Jabbour EJ, Ravandi F, Short NJ, Thomas DA, Garcia-Manero G, et al. Hyper- 
CVAD plus ponatinib versus hyper-CVAD plus dasatinib as frontline therapy for patients 
with Philadelphia chromosome-positive acute lymphoblastic leukemia: a propensity score 
analysis. Cancer. 2016;122(23):3650–6.

 85. Moslehi JJ, Deininger M.  Tyrosine kinase inhibitor-associated cardiovascular toxicity in 
chronic myeloid leukemia. J Clin Oncol. 2015;33(35):4210–8.

 86. Dorer DJ, Knickerbocker RK, Baccarani M, Cortes JE, Hochhaus A, Talpaz M, et al. Impact 
of dose intensity of ponatinib on selected adverse events: multivariate analyses from a pooled 
population of clinical trial patients. Leuk Res. 2016;48:84–91.

 87. Cortes JE, Kantarjian H, Shah NP, Bixby D, Mauro MJ, Flinn I, et al. Ponatinib in refractory 
Philadelphia chromosome-positive leukemias. N Engl J Med. 2012;367(22):2075–88.

 88. Cortes J. How to manage CML patients with comorbidities. Hematology Am Soc Hematol 
Educ Program. 2020;2020(1):237–42.

 89. Ishida Y, Terasako K, Oshima K, Sakamoto K, Ashizawa M, Sato M, et al. Dasatinib followed 
by second allogeneic hematopoietic stem cell transplantation for relapse of Philadelphia 
chromosome- positive acute lymphoblastic leukemia after the first transplantation. Int J 
Hematol. 2010;92(3):542–6.

 90. Fielding AK. Current treatment of Philadelphia chromosome-positive acute lymphoblastic 
leukemia. Hematology Am Soc Hematol Educ Program. 2011;2011:231–7.

 91. Tavernier E, Boiron JM, Huguet F, Bradstock K, Vey N, Kovacsovics T, et al. Outcome of 
treatment after first relapse in adults with acute lymphoblastic leukemia initially treated by 
the LALA-94 trial. Leukemia. 2007;21(9):1907–14.

 92. Cortes JE, Kim DW, Pinilla-Ibarz J, le Coutre P, Paquette R, Chuah C, et  al. A phase 2 
trial of ponatinib in Philadelphia chromosome-positive leukemias. N Engl J Med. 
2013;369(19):1783–96.

 93. Kantarjian H, Giles F, Wunderle L, Bhalla K, O’Brien S, Wassmann B, et  al. Nilotinib 
in imatinib-resistant CML and Philadelphia chromosome-positive ALL.  N Engl J Med. 
2006;354(24):2542–51.

 94. Tavitian S, Uzunov M, Berard E, Bouscary D, Thomas X, Raffoux E, et al. Ponatinib-based 
therapy in adults with relapsed or refractory Philadelphia chromosome-positive acute lympho-
blastic leukemia: results of the real-life OPAL study. Leuk Lymphoma. 2020;61(9):2161–7.

 95. Stock W, Martinelli G, Stelljes M, DJ DA, Gokbuget N, Advani AS, et al. Efficacy of ino-
tuzumab ozogamicin in patients with Philadelphia chromosome-positive relapsed/refractory 
acute lymphoblastic leukemia. Cancer. 2021;127(6):905–13.

 96. Kantarjian HM, DeAngelo DJ, Stelljes M, Martinelli G, Liedtke M, Stock W, et  al. 
Inotuzumab ozogamicin versus standard therapy for acute lymphoblastic leukemia. N Engl J 
Med. 2016;375(8):740–53.

 97. Martinelli G, Boissel N, Chevallier P, Ottmann O, Gokbuget N, Topp MS, et al. Complete 
hematologic and molecular response in adult patients with relapsed/refractory Philadelphia 
chromosome-positive B-precursor acute lymphoblastic leukemia following treatment 

O. G. Ottmann



207

with blinatumomab: results from a phase II, single-arm, multicenter study. J Clin Oncol. 
2017;35(16):1795–802.

 98. Couturier MA, Thomas X, Raffoux E, Huguet F, Berthon C, Simand C, et al. Blinatumomab 
+ ponatinib for relapsed/refractory Philadelphia chromosome-positive acute lymphoblastic 
leukemia in adults. Leuk Lymphoma. 2020:1–10.

 99. Park JH, Riviere I, Gonen M, Wang X, Senechal B, Curran KJ, et al. Long-term follow-up of 
CD19 CAR therapy in acute lymphoblastic leukemia. N Engl J Med. 2018;378(5):449–59.

 100. Ottmann OG, Pfeifer H, Cayuela JM, Spiekermann K, Jung W, Beck J, et  al. Nilotinib 
(Tasigna®) and low intensity chemotherapy for first-line treatment of elderly patients with 
BCR-ABL1-positive acute lymphoblastic leukemia: final results of a prospective multicenter 
trial (EWALL-PH02). Blood. 2018;132

9 Treatment of Adult Philadelphia Chromosome-Positive Acute Lymphoblastic…



209© Springer Nature Switzerland AG 2022
M. R. Litzow, E. A. Raetz (eds.), Clinical Management of Acute Lymphoblastic 
Leukemia, https://doi.org/10.1007/978-3-030-85147-7_10

Chapter 10
Treatment of Ph-Like Acute Lymphoblastic 
Leukemia

Thai Hoa Tran and Sarah K Tasian

 Definition of Ph-Like ALL

Ph-like ALL was originally identified in 2009 via gene expression profiling by two 
independent groups using different gene classifiers. Researchers in the Children’s 
Oncology Group (COG), St. Jude Children’s Research Hospital (SJCRH), and 
University of New Mexico (UNM) via the National Cancer Institute (NCI) TARGET 
initiative (https://ocg.cancer.gov/programs/target/projects/acute- lymphoblastic- 
leukemia) utilized Affymetrix gene expression microarray data to identify 257 gene 
probe sets that defined a distinct gene expression signature of both Ph+ ALL and 
Ph-like ALL [1], while the Dutch Children’s Oncology Group led by den Boer and 
colleagues at Erasmus Medical Center used hierarchical clustering of 110 probe sets 
to predict 6 major pediatric ALL subtypes (T-cell ALL, ETV6-RUNX1, KMT2A- 
rearranged, TCF3-PBX1, BCR-ABL1, and high hyperdiploid) [2]. Despite sharing 
only nine common probe sets of seven genes (CCND2, SH3BP5, ABL1, SOCS2, 
DUSP6, LST1, and EGFL7), both gene classifiers identified a subset of HR B-ALL 
patients with poor survival who had frequent deletions of B-cell development genes, 
such as the transcription factor IKZF1 [4]. These assays and additional advances in 
RNA sequencing were further able to define new genetic alterations deregulating 
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tyrosine kinase or cytokine receptor genes in Ph-like ALL, including CRLF2, ABL1, 
PDGFRB, and JAK2 [5]. The COG/SJCRH/UNM group subsequently developed 
the first clinically validated Ph-like ALL screening assay, which measures the 
expression of 8 or 15 genes in a 384-well low-density array (LDA) microfluidic card 
to detect the Ph-like ALL signature. This clinical assay is now capable of results 
return within 24–48 h of sample submission [6]. The LDA card is currently being 
used by the COG and other consortia to screen all patients with newly diagnosed 
HR B-ALL for the Ph-like signature and to allocate those with LDA positivity for 
further downstream testing to identify specific Ph-like-associated genetic altera-
tions [7]. It should be emphasized that the most clinically relevant endpoint in 
patients with Ph-like ALL remains identification of such oncogenic translocations 
and mutations that activate kinase signaling and may be therapeutically targeted.

 Biology and Genomic Landscape of Ph-Like ALL

In their 2014 landmark paper, Roberts and colleagues described the genomic land-
scape of Ph-like ALL via a comprehensive genomic analysis of 154 children and 
young adults with HR B-ALL [8]. The unifying molecular hallmark of Ph-like ALL 
resides in the heterogeneous spectrum of genetic alterations activating cytokine 
receptor genes and kinase signaling pathways [8]. These alterations can be subdi-
vided into four distinct genomically defined subsets based upon their underlying 
kinase-activating lesions, (1) alterations in JAK-STAT pathway genes (predomi-
nantly CRLF2, JAK2, EPOR, IL7R, SH2B3), (2) ABL class alterations (ABL1, 
ABL2, CSF1R, PDGFRA, and PDGFRB), (3) uncommon Ras pathway mutations 
(NRAS, KRAS, NF1, PTPN11, CBL), and (4) rare kinase fusions (NTRK3, PTK2B, 
BLNK, LYN), and are described in greater detail below (Table 10.1, Fig. 10.1) [8, 9]. 
While CRLF2 (cytokine receptor-like factor 2) rearrangements also occur with 
lower frequency in children with standard-risk (SR) B-ALL [3, 10, 11] and in >50% 
of trisomy 21/Down syndrome (DS)-associated B-ALL [12, 13] (and may or may 
not have the associated Ph-like gene expression signature), other Ph-like ALL- 
associated kinase fusions have only extremely rarely been discovered in patients 
with SR disease.

Deletions of IKZF1 and other lymphoid transcription factor genes occur com-
monly in Ph-like ALL, as has been similarly seen in Ph+ ALL [8, 14–17]. IKZF1 
encodes the zinc-finger DNA-binding Ikaros, a transcription factor essential for 
B-cell lymphoid development. Its alteration results in acquired stem cell-like prop-
erties, aberrant bone marrow stromal adhesion, and chemotherapy resistance [18–
20]. The most common type of IKZF1 alteration is intragenic focal deletion of 
exons 4–7, which results in the dominant-negative Ik6 isoform [20]. In one study, 
IKZF1 alterations were detected in 68% of Ph-like ALL compared to 16% of non- 
Ph- like ALL cases [8]. Inferior clinical outcomes in patients with IKZF1-deleted 
Ph-like ALL have also been reported [8, 21]. Recent studies from European consor-
tia have further described inferior outcomes of patients with the new IKZF1plus 
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Table 10.1 Repertoire of Ph-like ALL kinase rearrangements, therapeutic targets, and potential 
clinical trials

Ph-like 
genetic 
subgroups

3′ kinase 
genes 5′ fusion partner genes

Kinase 
inhibitors Clinical trials

JAK-STAT 
pathway 
alterations

CRLF2 CSF2RA, IGH, P2RY8 Ruxolitinib NCT02420717 
(MDACC)

JAK2 ATF7IP, BCR, EBF1, ETV6, 
GOLGA5, HMBOX1, OFD1, 
PAX5, PCM1, PPFIBP1, RFX3, 
SMU1, SNX29, SSBP2, STRN3, 
TERF2, TPR, USP25, ZBTB46, 
ZNF274, ZNF340

Ruxolitinib NCT02723994 
(COG 
AALL1521)

EPOR IGH, IGK, LAIR1, THADA Ruxolitinib NCT03117751 
(SJCRH Total 
XVII)

TSLP IQGAP2 Ruxolitinib NCT03571321 
(University of 
Chicago)

IL2RB MYH9 Ruxolitinib

ABL class 
alterations

ABL1 CENPC, ETV6, FOXP1, 
LSM14A, NUP153, NUP214, 
RANBP2, RCSD1, SFPQ, SHIP1, 
SNX1, SNX2, SPTNA1, ZMIZ1

Dasatinib NCT01406756 
(COG 
AALL1131)

ABL2 PAG1, RCSD1, ZC3HAV1 Dasatinib NCT02143414 
(SWOG S1318)

CSF1R MEF2D, SSBP2, TBL1XR1 Dasatinib NCT02420717 
(MDACC)

PDGFRA FIP1L1 Dasatinib NCT03007147 
(COG 
AALL1631)

PDGFRB ATF7IP, EBF1, ETV6, NUMA1, 
SNX29, SSBP2, TNIP1, ZEB2, 
ZMYND8, ZNF608

Dasatinib NCT03117751 
(SJCRH Total 
XVII)

LYN GATAD2A, NCOR1 Dasatinib
Other 
kinases

NTRK3 ETV6 Entrectinib NCT03066661
Larotrectinib NCT03834961

PTK2B KDM6A, STAG2, TMEM2 FAK 
inhibitor

FGFR1 BCR Ponatinib
FLT3 ZMYM2 FLT3 

inhibitor
TYK2 MYB, SMARCA4, ZNF340 JAK1/3 

inhibitorBLNK DNTT

CBL KANK1

DGKH ZFAND3

COG Children’s Oncology Group, SJCRH St. Jude Children’s Research Hospital, MDACC MD 
Anderson Cancer Center, SWOG Southwestern Oncology Group
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molecular profile, which is defined by deletion of IKZF1 co-occurring with one or 
more deletions in PAX5, CDKN2A (heterozygous or homozygous), CDKN2B 
(homozygous only), or the pseudoautosomal region 1 (PAR1) region of the sex 
chromosomes where CRLF2 is located and in the absence of ERG deletion [22–25]. 
Stanulla and colleagues reported that the IKZF1plus signature conferred the highest 
hazard ratio for relapse in multivariate analysis and could be incorporated in clinical 
decision algorithms to refine risk stratification in addition to MRD response [22]. 
The IKZF1plus subgroup in these studies likely contains a high proportion of Ph-like 
ALL patients, as both populations share adverse clinical and biologic features of 
higher white blood cell (WBC) at diagnosis, poor prednisone response, positive 
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minimal residual disease (MRD) after induction therapy, and higher frequency of 
the germline GATA3 variant rs3824662 reported to predispose to developing Ph-like 
ALL [22–24, 26].

 JAK-STAT Pathway Gene Alterations

Approximately half of children, adolescents, and adults with Ph-like ALL harbor 
CRLF2 rearrangements [3, 27, 28], which leads to CRLF2 overexpression and 
increased surface protein expression of the thymic stromal lymphopoietin receptor 
(TSLPR; encoded by CRLF2) detectable by flow cytometry [29]. CRLF2 alterations 
occur via two major mechanisms: (1) focal deletion of PAR1 on chromosomes 
Xp22/Yp11 resulting in the P2RY8-CRLF2 fusion or as (2) translocation to the 
immunoglobulin heavy chain enhancer region on chromosome 14, resulting in IGH- 
CRLF2 rearrangement [12, 30]. Both rearrangements result in overexpression of 
full-length CRLF2, which heterodimerizes with the IL7R-alpha subunit to form the 
TSLPR involved in early B-cell development [31–33]. P2RY8-CRLF2 fusions 
appear to occur more frequently in younger children and in those with DS-ALL 
[13], whereas IGH-CRLF2 predominates among adolescents and young adults, par-
ticularly those of Hispanic ancestry [12, 30, 34, 35]. Rarely, activating CRLF2 
F232C point mutations, which typically coexist with CRLF2 rearrangements, also 
lead to CRLF2 deregulation [36]. Moreover, half of CRLF2-rearranged cases harbor 
concomitant JAK2 or, less commonly, JAK1 mutations. The most frequently occur-
ring point mutation is JAK2 R683G in the JAK2 pseudokinase domain. JAK1 V658F, 
which is analogous to the JAK2 V617F mutation seen in adult myeloproliferative 
neoplasms, occurs much less frequently in CRLF2-rearranged Ph-like ALL [3, 8]. 
Sequence mutations in IL7R and SH2B3 have also been identified in a small number 
of CRLF2-rearranged cases that lack concomitant JAK mutations [8, 37]. 
Uncommonly (~7% of patients), some children with detected CRLF2 rearrange-
ments leading to CRLF2 overexpression (usually P2RY8-CRLF2 fusions in children 
with SR B-ALL) do not have the Ph-like expression signature [37].

JAK2 and EPOR rearrangements are additional mutually exclusive JAK-STAT 
pathway alterations, each representing approximately 5–10% of Ph-like ALL cases 
[3, 8]. Some reports have noted an increased prevalence of JAK2 fusions among the 
young adult population compared to children, ~15% vs 5%, respectively [6, 38]. 
JAK2 is a promiscuous 3′ gene in Ph-like ALL with at least 19 different 5′ partner 
genes reported to date. All JAK2 fusions are in-frame and disrupt the pseudokinase 
domain of JAK2, thus relieving from auto-inhibition of the kinase domain and 
resulting in constitutive activation of JAK-STAT signaling [5, 8, 9]. Four types of 
EPOR rearrangements have been described, each involving the juxtaposition of the 
EPOR gene to the enhancer region of immunoglobulin heavy (IGH) or κ (IGK) loci 
and leading to deregulated expression of a truncated form of EPOR that has been 
shown to drive Ph-like leukemogenesis and activated JAK/STAT signaling [39]. 
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Insertion and truncation of EPOR into the upstream region of LAIR1 or the THADA 
loci have also been reported in a very small number of patients [39]. As with JAK2 
fusions, prevalence of EPOR rearrangements rises with increasing age with peak 
prevalence among young adults [8, 39].

Additional mechanisms leading to JAK-STAT pathway activation beyond the 
aforementioned kinase or cytokine receptor-activating rearrangements implicate a 
diverse range of sequence mutations and copy number variations in genes such as 
JAK1, JAK3, IL7R, SH2B3, IL2RB, and TYK2 [8]. These lesions collectively com-
prise 14% of children compared to 5% and 7.3% of adolescents and older adults, 
respectively [5, 8]. Although they lack a kinase-activating rearrangement, these 
cases often harbor chromosomal rearrangements expressing fusion oncoproteins 
involving transcription factor genes (EBF1, PAX5, ETV6) and/or epigenetic regula-
tors (CREBBP, SETD2, ASXL1) that merit further study [5].

 ABL Class Alterations

The second most clinically relevant subgroup of Ph-like ALL is ABL class altera-
tions, which account for approximately 10% of cases [8, 27]. Prevalence peaks 
among children with NCI HR B-ALL at 17% and then decreases to about 10% in 
young and older adults [8, 27, 37]. ABL class rearrangements involve 3′ ABL1, 
ABL2, CSF1R, PDGFRA, or PDGFRB fusing with multiple 5′ partner genes. ABL 
class fusions exhibit sensitivity to ABL inhibitors, such as imatinib and dasatinib 
[3, 8, 9].

 Ras Pathway Mutations

Approximately 4% of Ph-like ALL patients have activating mutations in Ras path-
way genes, including KRAS, NRAS, NF1, PTPN11, and CBL [8]. Ras pathway 
mutations are usually subclonal and can occur as the sole detected anomaly or in 
conjunction with sentinel Ph-like translocations (e.g., CRLF2, ABL class, JAK2, or 
EPOR fusions) [8, 28]. Ras-activating mutations are also commonly found in hyper-
diploid, hypodiploid, KTM2A-rearranged, and relapsed ALL and are also often sub-
clonal [40–42]. It is not currently known whether these mutations are pathogenic 
drivers in childhood ALL.

 Rare Kinase Fusions

Other rare fusions involving NTRK3, BLNK, DGKH, LYN, FGFR1, PTK2B, FLT3, 
or TYK2 collectively account for 3% of Ph-like ALL [8, 37]. The ETV6-NTRK3 
fusion, which is present in various malignancies such as infantile fibrosarcoma and 
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secretory breast carcinoma, can induce an aggressive ALL with in vitro and in vivo 
sensitivity to TRK inhibitors [43]. Functional modeling of other kinase fusions is 
important to determine their oncogenic role and identify novel therapeutic targets. 
As an example, FGFR1 fusions may be targetable with ponatinib [44] or pazopanib 
[45] and LYN fusions (predicted to activate Src signaling) with dasatinib [46, 47].

 Epidemiology and Clinical Picture of Ph-Like ALL

The prevalence of Ph-like ALL rises with increasing age and varies by gender, eth-
nicity, and NCI-defined risk groups. A recent meta-analysis of 15 studies reported 
that the pooled prevalence of Ph-like ALL across the age spectrum was 15.4% [48]. 
By age group, the Ph-like subtype comprised 15.6% of B-ALL cases in children 1 
to 10 years old, 26.2% in adolescents aged 11 to 20 years old, 25.8% in young adults 
21 to 40 years old, and 16.9% in adults older than 40 years [8, 27, 28, 48, 49]. 
Among children and adolescents with B-ALL, Ph-like ALL accounts for 13.6% of 
NCI SR cases and 22.4% of NCI HR cases [11, 37]. In comparison to Ph+ ALL, 
Ph-like ALL is three times more common in the pediatric age group [6]. Males are 
more commonly affected than females across the age spectrum with a male-to- 
female ratio of 1.5:1 among children and adults [8, 27]. Ph-like ALL also has a 
predilection for patients of Hispanic/Latino or Native American ethnicity, especially 
among those with CRLF2 rearrangements. This phenomenon has been attributed in 
part to the increased prevalence of germline Ph-like ALL risk variant in GATA3 
(rs3824662) in Hispanic individuals with Native American genetic ancestry [26, 50, 
51]. Furthermore, Ph-like ALL patients frequently have adverse clinical features 
with significantly higher rates of hyperleukocytosis at diagnosis, end-induction 
MRD positivity, and increased risk of treatment failure and relapse [8, 27, 34, 37, 
49, 52]. The Ph-like ALL gene signature may confer an independent adverse risk 
factor, as shown in some multivariate analyses [27, 49, 53]. Patients harboring 
PDGFRB, JAK2, or EPOR fusions are notoriously associated with more aggressive 
disease course and frequent induction failure [8, 54–57].

The inferior survival of patients with Ph-like versus non-Ph-like ALL patients 
occurs across the age spectrum, and differential outcomes may exist within the het-
erogeneous Ph-like ALL subtypes based upon induction chemotherapy response. 
Children with NCI HR B-ALL and a retrospectively identified Ph-like expression 
signature treated on the COG AALL0232 phase 3 trial (NCT00075725) had a 5-year 
event-free survival (EFS) of 63% versus 86% (p < 0.0001) of those with non-Ph-like 
ALL [53]. Importantly, this inferior outcome was detected for patients with Ph-like 
ALL regardless of the randomized treatment arm assigned, which was in contrast to 
patients with non-Ph-like ALL with superiority of high-dose methotrexate versus 
dose-escalating Capizzi-style methotrexate in the first interim maintenance phase 
[53]. More recent analyses of children with NCI SR Ph-like ALL treated on the 
COG AALL0331 phase 3 trial (NCT00103285) [58] showed statistically inferior 
outcomes versus those with SR non-Ph-like ALL with 7-year EFS 82.4% and 90.7% 
(p = 0.0022). However, these patients appear to be salvageable at relapse with no 
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difference in overall survival (OS) (93.2% vs 95.8%, p = 0.14) between the two 
groups [11]. In addition, recent data from the CALGB 10403 phase 2 trial 
(NCT00558519) also showed marked improvement in outcome for adolescents and 
young adults (AYA) less than 40  years of age when using a similarly intensive 
pediatric- inspired regimen, although outcomes for Ph-like ALL AYA patients in that 
trial remained unfavorable with estimated 3-year EFS of 42% compared to 69% 
(p = 0.008) for those with non-Ph-like ALL [59].

Clinical outcomes of patients with Ph-like ALL also worsen with increasing age. 
Four recent studies focused upon defining the incidence and characteristics of 
Ph-like ALL occurring in young and older adults with B-ALL. Among 49 adults 
with Ph-like ALL treated at the MD Anderson Cancer Center (MDACC), the 5-year 
OS was 23% for Ph-like ALL vs 59% (p = 0.006) for patients with non-Ph-like ALL 
[49]. Another study of 194 Ph-like ALL patients from 21 to 86 years old reported 
5-year EFS for young adults (21–39  years old), adults (40–59  years), and older 
adults (60–86 years) of 40.4%, 29.8%, and 18.9%, respectively [27]. Two additional 
North American and German studies of adult Ph-like ALL cohorts confirmed the 
poor outcomes of this population [28, 34]. Ph-like ALL patients with concomitant 
IKZF1 alterations may have further inferior outcomes compared to those without 
IKZF1 alterations, although these analyses have been limited by small patient num-
bers [8, 21] (Table 10.2).

 Diagnostic Modalities and Clinical Workflow Algorithms 
for Ph-Like ALL

The heterogeneous spectrum of kinase-activating alterations, cryptic nature of these 
genetic aberrations by conventional cytogenetic analysis, and complexity of required 
testing has rendered Ph-like ALL quite challenging to diagnose via clinical labora-
tory assays. Several cooperative oncology consortia have adopted different screen-
ing strategies largely based on the patient population size to be tested, development 
of more rapid next-generation sequencing platforms, and availability of therapeutic 
clinical trials [7].

Clinical diagnosis of Ph-like ALL has involved assessment of the pathogno-
monic gene expression signature (used by some, but not all, groups) and detection 
of targetable kinase-activating alterations. Gene expression profiling, the utilized 
discovery modality in initial European and North American studies [1, 2], is not 
readily available in the clinic and has now been largely replaced by the TaqMan 
LDA microfluidic card measuring the expression of 8- or 15-gene panels (IGJ, 
SPATS2L, MUC4, CRLF2, CA6, NRXN3, BMPR1B, GPR110, CHN2, SEMA6A, 
PON2, SLC2A5, S100Z, TP53INP1, IFITM1) now used by the COG to determine 
the Ph-like ALL signature [7, 53, 60]. An integrated score between 0 and 1 is gener-
ated from the 8- or 15-gene assay, with a predictive score ≥0.5 considered positive 
for the Ph-like gene signature [37]. Higher LDA score (e.g., >0.7) typically suggests 
an underlying kinase fusion [7]. This LDA-based approach has provided a rapid and 
cost-effective screening modality for some groups to identify patients with probable 
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Ph-like ALL (LDA-positive) who require further detailed genomic characterization 
to identify targetable kinase-activating alterations. Aside from direct detection of 
CRLF2 overexpression and P2RY8-CRLF2 fusions on the LDA card, this modality 
is intended only as a screening tool and does not detect other Ph-like kinase- 
activating lesions. The LDA card is also capable of identifying and “ruling out” 
patients with Ph+ ALL and ETV6-RUNX1 ALL who do not require additional 
Ph-like testing [61].

To enable detection of kinase-activating alterations (the most clinically relevant 
endpoint in the Ph-like ALL diagnostic work-up), several commercial, research- 
level, and clinical next-generation sequencing (NGS) platforms have been devel-
oped and are replacing prior multiplexed clinical RT-PCR panels [7, 62, 63]. The 
ArcherDx FusionPlex Heme panel uses anchored multiplex PCR-based enrichment 
with the ability to detect novel fusions involving 87 genes associated with hemato-
logic malignancies [7]. The FoundationOne Heme panel is a targeted combined 
DNA and RNA sequencing method capable of fusion and mutation detection in 
>400 cancer-related genes [64]. Of particular interest, transcriptomic/RNA sequenc-
ing (RNA-seq) represents a powerful tool for comprehensive fusion and mutation 
detection in addition to identifying the Ph-like GEP by hierarchical clustering [7] 
and is becoming more clinically available. Indeed, RNA-seq is the only single plat-
form capable of fulfilling the two essential aspects of Ph-like ALL’s diagnosis, but 
is currently not considered time- or cost-effective for routine analysis of all patients. 
Clinical fusion and NGS assays are relatively more cost-effective, but still require a 
relatively long turnaround time (between 2 and 4  weeks) prior to clinical result 
reporting.

More rapid testing assays using conventional methods such as fluorescence in 
situ hybridization (FISH) and flow cytometry still retain clinical relevance for the 
diagnosis of Ph-like ALL. For example, dual color break-apart FISH probes are now 
commercially available for the canonical Ph-like 3′ kinase genes ABL1, ABL2, 
PDGFRB, CRLF2, JAK2, and EPOR with results typically delivered within 48 h. 
Since the vast majority of these kinase fusions are exclusively seen with the Ph-like 
phenotype, an abnormal FISH result might be sufficient to start tyrosine kinase 
inhibitor (TKI) therapy while waiting for confirmatory molecular testing. The COG 
has expanded its routine FISH panel to include ABL class FISH probes in its HR 
B-ALL AALL1732 phase 3 trial (NCT03959085) and its Ph+ ALL AALL1631 
phase 3 trial (NCT03007147) in order to facilitate earlier introduction of TKI during 
induction for patients with identified ABL class alterations. Increased flow cytomet-
ric staining of TSLPR also suggests underlying CRLF2 rearrangement, which is 
known to occur in over half of Ph-like ALL cases [29]. Flow cytometry availability 
in most institutions’ diagnostic laboratories and rapid result return within 24  h 
makes TSLPR immunophenotyping a compelling additional Ph-like screen-
ing assay.

In summary, successful identification of patients with Ph-like ALL will most 
likely benefit from a combined approach of cytogenetic, FISH, and molecular anal-
ysis via fusion and NGS testing given the known genetic heterogeneity of this leu-
kemia subtype and ongoing new discovery. Pragmatic clinical screening algorithms 
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will need to be personalized on one’s available resources, patient volume, and clini-
cal goals. A suggested diagnostic algorithm for Ph-like ALL is shown in Fig. 10.2 [7].

 Precision Medicine Trials in Ph-Like ALL

 Targeted Therapies

The recently characterized genomic landscape of Ph-like ALL has uncovered a 
myriad of kinase-activating alterations that expand the treatment paradigm of 
molecularly targeted therapies in ALL and leverage the success story of TKI incor-
poration for children and adults with Ph+ ALL [15, 65–68]. Despite their heteroge-
neity, Ph-like ALL-associated genetic alterations commonly converge to activate 
JAK-STAT, ABL, or Ras signaling pathways. Extensive in vitro and in vivo data 
have provided compelling evidence to incorporate relevant ABL/PDGFR- or JAK- 
directed TKIs in combination with chemotherapy to improve these patients’ poor 
outcomes. The efficacy of such precision medicine approaches is currently being 
prospectively assessed in several clinical trials for children and adults with Ph-like 
ALL harboring ABL class alterations or JAK-STAT pathway gene lesions.

ABL class alterations phenocopy BCR-ABL1 and exhibit exquisite sensitivity to 
imatinib and dasatinib in preclinical models [8, 9, 69]. There is increasing anecdotal 
evidence demonstrating that the addition of imatinib or dasatinib monotherapy or in 

High-risk
B-ALL

TSLPR flow cytometric
immunophenotyping 

CRLF2-specific analyses:

• FISH for IGH-CRLF2 
• RT-PCR or fusion panel testing for 

P2RY8-CRLF2
• PCR or NGS analysis for JAK1/JAK2 

mutations and IL7R indels 
• RNA sequencing (if necessary)

Fusion panel testing
NGS mutation analysis
RNA sequencing (if necessary)

LDA screening
(optional)

Cytogenetics

FISH analysis
• ABL1
• ABL2
• CRLF2
• EPOR
• JAK2
• PDGFRA
• PDGFRB

Abnormal 3’
FISH signal Fusion panel testing to identify 5’

partner and precise rearrangement
NGS mutation analysis
RNA sequencing (if necessary)  

CRLF2-high

CRLF2-normal

Fig. 10.2 Suggested clinical screening algorithm for Ph-like ALL. CRLF2 cytokine receptor-like 
factor 2, LDA low-density array, FISH fluorescence in situ hybridization, NGS next-generation 
sequencing, PCR polymerase chain reaction, RNA ribonucleic acid, RT-PCR reverse transcription- 
polymerase chain reaction, TSLPR thymic stromal lymphopoietin receptor. (Adapted from Harvey 
& Tasian Blood Adv 2020)
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combination with chemotherapy can induce remission in patients with relapsed/
refractory ALL with ABL class alterations [8, 54–56, 70–72]. Based on this anec-
dotal experience in Ph-like ALL and the robust demonstration of safety and efficacy 
in children with Ph+ ALL, the COG AALL1131 phase 3 trial (NCT02883049) was 
amended in 2016 to add a dedicated treatment arm adding dasatinib to post- induction 
chemotherapy for Ph-like ALL patients with identified ABL class alterations. 
AALL1131 was closed to accrual in August 2019, and complete clinical results 
from this study are not yet available. The international phase 3 EsPhALL2017/COG 
AALL1631 trial (NCT03007147), which is randomizing two different chemother-
apy backbones in combination with imatinib for children with Ph+ ALL, will extend 
eligibility to include patients with Ph-like ABL class fusions in 2020. The St. Jude 
Children’s Research Hospital (SJCRH) Total Therapy XVII ALL (NCT03117751) 
protocol was activated in early 2017 and incorporates dasatinib beginning in induc-
tion therapy for those identified with an ABL class fusion by RNA-seq within 
2 weeks of diagnosis [73]. An MDACC phase 2 trial for adults with relapsed/refrac-
tory Ph-like ALL and ABL class fusions (NCT02420717) also combined dasatinib 
with the intensive hyperCVAD chemotherapy backbone. Results have not yet been 
reported for these studies.

The largest class of Ph-like kinase-activating alterations constitutes those dereg-
ulating JAK-STAT signaling, making this pathway a major potential therapeutic 
vulnerability in Ph-like ALL, although JAK inhibitors have been less well studied in 
patients with ALL to date. Preclinical studies of engineered Ba/F3 cells and patient- 
derived xenograft (PDX) models harboring a diverse range of JAK-STAT pathway 
lesions (CRLF2 rearrangements with or without JAK mutations, JAK2 fusions, 
EPOR fusions, sequence mutations of IL7R and/or SH2B3) have shown in vitro and 
in vivo activity to different JAK inhibitors [8, 9, 29, 57, 69, 74–78]. Potent, but 
sometimes differential, preclinical activity of the JAK1/2 inhibitor ruxolitinib has 
been reported in Ph-like ALL models with CRLF2 fusions or JAK2 fusions, which 
may be influenced by the level of JAK pathway oncogene addiction or, potentially, 
by paradoxical JAK2 hyperphosphorylation with prolonged treatment [49, 74, 78]. 
Subsequent preclinical studies further demonstrated enhanced activity of combina-
torial treatment with JAK and PI3K/mTOR inhibitors in Ph-like ALL cell lines and 
PDX models [75, 76]. Investigating dual pathway inhibition seems quite relevant 
for Ph-like ALL, as upregulation of alternative signaling pathways is a known 
mechanism of resistance to single-targeting agents [79, 80].

Based on these preclinical data, ruxolitinib is being assessed prospectively in 
several clinical trials for patients with JAK-STAT pathway-mutant Ph-like ALL. The 
COG AALL1521 phase 2 trial (NCT02723994) is investigating the efficacy of 
incorporating ruxolitinib with post-induction chemotherapy for children, adoles-
cents, and young adults with HR Ph-like ALL harboring JAK-STAT pathway lesions 
[81]. In this study, patients are stratified into four different cohorts based on their 
underlying Ph-like genetic lesions and by end-induction MRD status to delineate 
potential differential efficacy for each subset. A soon-to-open phase 1 trial will also 
assess the safety and tolerability of ruxolitinib addition to chemotherapy specifi-
cally in a Ph-like ALL AYA population ages 18–39 years (NCT03571321). The two 

T. H. Tran and S. K. Tasian



225

previously discussed SJRCH and MDACC trials also have a ruxolitinib treatment 
arm in combination with chemotherapy for patients with de novo or relapsed JAK- 
mutant Ph-like ALL, respectively.

The enriched prevalence of IKZF1 deletions in Ph-like ALL opens up another 
potential therapeutic avenue for this HR patient population, although it is not yet 
known how these alterations might best be targeted. As above, IKZF1 alterations are 
known to mediate aberrant stromal adhesion and therapy resistance in murine mod-
els of Ph+ ALL, and it is plausible that such effects could be reversed by retinoic 
acid compounds or focal adhesion kinase (FAK) inhibitors when combined with 
TKIs [18, 19].

 Hematopoietic Stem Cell Transplantation

The role of hematopoietic stem cell transplantation (HSCT) in the care of patients 
with Ph-like ALL remains unclear in the TKI era [82]. Earlier data demonstrated 
definitive improvement in EFS and OS of children with Ph+ ALL with imatinib or 
dasatinib addition to chemotherapy, which also eliminated need for HSCT in most 
patients [15, 65, 83, 84]. Mirroring this Ph+ ALL experience, it is plausible that TKI 
addition to chemotherapy could be similarly successful for patients with ABL class 
Ph-like ALL.

A single-center study recently reported comparable outcomes between children 
with Ph-like ALL and non-Ph-like ALL (5-year EFS 90.0% vs 88.4%, p = 0.41, 
respectively) using MRD-directed therapy intensification for relevant patients [85]. 
Consequently, a significant higher proportion of patients with Ph-like ALL under-
went HSCT in first remission due to end-induction MRD positivity [85], which is 
known to occur in two-thirds of children with Ph-like ALL [53]. These results dem-
onstrate the therapeutic efficacy of HSCT in patients with Ph-like ALL and suggest 
that MRD is also an important outcome predictor in this patient population. 
Conversely, another single-center study reported that adult patients with Ph-like 
ALL fare comparably poorly even when they achieve post-remission MRD negativ-
ity (median OS for MRD+ group 23.0  months vs MRD-group 26.2  months; 
p = 0.318). Decisions for HSCT in first CR for adult patients may be challenged in 
the current era where pediatric-inspired chemotherapy regimens and access to front-
line immunotherapy trials foster high hopes for inducing remission, deepening 
MRD response, and improving long-term survival [59, 86–89].

 Antibody-Based and Cellular Immunotherapy

Major advances in immunotherapy during the past decade have revolutionized the 
landscape of relapsed leukemia therapy. The CD19xCD3 bispecific T-cell engager 
antibody blinatumomab, anti-CD22 antibody-drug conjugate inotuzumab 
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ozogamicin, and CD19-redirected chimeric antigen receptor (CAR)-modified T-cell 
immunotherapy tisagenlecleucel have consecutively received FDA approval for 
patients with relapsed/refractory B-ALL based on several paradigm-shifting trials 
[88, 90–92]. Although the above trials did not specifically screen for the Ph-like 
ALL subtype, it is presumed that a reasonable proportion of these relapsed/refrac-
tory, heavily pretreated patients were Ph-like given their known high rates of che-
moresistance and relapse. The randomized TOWER phase 3 trial (NCT02013167) 
showed that treatment with blinatumomab resulted in significantly higher remission 
rates and longer survival compared to standard chemotherapy among adults with 
relapsed/refractory Ph-negative B-ALL [88]. Subsequent results from the BLAST 
phase 2 trial (NCT01207388) demonstrated that the majority (78%) of MRD-
positive adult B-ALL patients in first or later CR achieved a complete MRD response 
following one cycle of blinatumomab, which was associated with better outcomes 
than MRD non-responders [90]. Moreover, single-agent blinatumomab had strong 
anti- leukemic activity among adults with relapsed Ph+ ALL [93] and was associ-
ated with favorable treatment outcomes when compared to an external cohort 
receiving standard chemotherapy in a propensity score analysis [94]. The above 
data suggest that blinatumomab could be similarly efficacious in patients with 
Ph-like ALL.  Favorable safety profiles and anti-leukemic activity with blinatu-
momab monotherapy were also observed in a heavily pre-treated relapsed/refrac-
tory pediatric B-ALL cohort [95, 96].

In a retrospective analysis of 53 adult patients with relapsed/refractory B-ALL 
treated with inotuzumab as salvage therapy, 12 patients identified as having the 
Ph-like subtype had an overall response rate (ORR) of 58%, including 3 with com-
plete response (CR) (25%) and 4 with CR (33%) and partial hematologic recovery 
(CRh) [97]. Five of the seven (71%) Ph-like patients with inotuzumab-induced CR 
achieved MRD negativity [97]. Inotuzumab at the FDA-approved fractionated adult 
dosing of 1.8 mg/m2 per cycle also induced impressive CR response rates among 
heavily pretreated children with relapsed/refractory B-ALL [98, 99]. In a retrospec-
tive study of 51 pediatric R/R B-ALL patients who received inotuzumab via a com-
passionate use program, the overall CR rate was 67%; 3 of 4 Ph-like ALL achieved 
CR/CR with incomplete count recovery (CRi), one of whom was MRD- negative [99].

Finally, anecdotal reports of CD19 chimeric antigen receptor (CAR) T-cell- 
induced remission in patients with relapsed/refractory Ph+ and Ph-like ALL have 
been reported [92]. The current COG AALL1721 phase 2 trial (NCT03876769) 
assessing the efficacy of tisagenlecleucel in patients with newly diagnosed HR 
B-ALL with end-consolidation MRD positivity excludes patients treated with 
kinase inhibitors, however, such as those Ph+ or Ph-like ALL. A planned phase 1 
trial based upon promising preclinical data [100] will specifically investigate the 
clinical safety and preliminary efficacy of TSLPR-redirected CAR T-cell immuno-
therapy in children, adolescents, and young adults with CRLF2-rearranged/overex-
pressing leukemias, including Ph-like and Down syndrome-associated ALL.

A recent European trial combining blinatumomab and dasatinib has reported 
promising early results in adult patients with newly diagnosed Ph+ ALL, which is 
potentially translatable to ABL class Ph-like ALL [101]. Concerns have been raised 
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with respect to potential antagonism of blinatumomab-dasatinib combination, as 
dasatinib has been shown to inhibit T-cell function and could potentially abrogate 
the desired anti-leukemic activity of blinatumomab that requires endogenous T-cell 
engagement [102]. Correlative functional assays that comprehensively assess poten-
tial immunomodulatory effects of dasatinib upon immune cells will provide critical 
data for future trial design.

Chemotherapy-sparing strategies are also being evaluated in clinical trials for 
older adults (≥65 years of age) with newly diagnosed Ph+ ALL or ABL class Ph-like 
ALL given their medical fragility and frequent inability to tolerate intensive chemo-
therapy. Small cases series previously reported anecdotal safety and efficacy of 
combining blinatumomab and dasatinib in small numbers of patients with relapsed/
refractory Ph+ ALL or ABL class Ph-like ALL [70, 102–104]. The S1318 phase 2 
trial (NCT02143414) is currently comparing the efficacy of blinatumomab with 
combination chemotherapy versus blinatumomab and dasatinib in older adults with 
ABL-driven leukemias. The D-ALBA phase 2 trial (NCT02744768) is also assess-
ing rates of molecular remission after two cycles of blinatumomab and dasatinib 
consolidation therapy in adult patients with newly diagnosed Ph+ ALL.  In an 
interim analysis, >50% of study patients achieved a molecular response at the pri-
mary endpoint with additional improvement to 80% MRD after four cycles [101] 
with 1-year disease-free and overall survival of 87.8% and 94.2%, respectively 
[101]. Longer-term follow-up is needed to confirm these early favorable results.

 Conclusions and Future Perspectives

Ph-like ALL is now known to be a relatively prevalent subtype of B-ALL defined by 
its kinase-activated gene expression signature and associated genetic alterations. 
Children and adults with Ph-like ALL have historically experienced high relapse 
rates and inferior clinical outcomes despite best-available conventional chemother-
apy. Compelling evidence now exists from an extensive preclinical body of work for 
incorporation of relevant TKIs in combination with chemotherapy for these high- 
risk patients, although results from clinical trials testing these strategies are not yet 
known. Although Ph-like ALL is thrice as common than Ph+ ALL in children and 
adolescents, its genetic heterogeneity with >70 fusions identified to date [7] repre-
sents a limiting factor in designing appropriately statistically powered, randomized 
controlled trials to assess potential TKI efficacy within the major ABL class and 
CRLF2/JAK pathway-mutant subsets. As some patients with Ph-like ALL (particu-
larly those with EBF1-PDGFRB or JAK2 fusions) notoriously experience induction 
chemotherapy failure, future efforts must focus upon swift identification of these 
genetic alterations and TKI addition early in induction therapy. Such strategy has 
proven successful in children with Ph+ ALL with superior CR rates and MRD nega-
tivity with TKI addition mid-induction versus at the beginning of consolidation [15, 
65]. Several immunotherapy modalities have now also demonstrated exciting effi-
cacy in children with relapsed/refractory B-ALL. Ongoing and future clinical trials 
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may help to elucidate the potential of such approaches (as monotherapy or com-
bined with TKIs) more specifically in patients with Ph-like ALL.

International collaboration in designing the next generation of Ph-like ALL stud-
ies will expedite systematic study of novel treatment strategies that may improve 
clinical outcomes for this high-risk patient population [105]. Development and 
implementation of standardized clinical screening strategies among cooperative 
groups for rapid identification of patients with Ph-like ALL will also be essential for 
successful and efficient conduction of clinical trials. In parallel, future investiga-
tions in Ph-like ALL should also focus on investigating potential mechanisms of 
TKI resistance, as has been observed in patients with BCR-ABL1-driven chronic 
myeloid leukemia or Ph+ ALL with emergence of drug-resistant kinase domain 
mutations after long-term imatinib exposure [106–110]. Similar mutations have 
also been identified via in vitro saturation mutagenesis screens of Ph-like ALL with 
EBF1-PDGFRB fusions, and resistance mutations likely facilitating clinical relapse 
in patients with Ph-like ALL have now been reported [111, 112].

In summary, Ph-like ALL illustrates a paradigm of genomic discovery translation 
into targeted therapeutic approaches and presents an exciting opportunity for new 
precision medicine opportunities that aim to decrease relapse and improve long-
term survival for patients with these high-risk leukemias across the age spectrum.
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Chapter 11
Prophylaxis and Treatment of Central 
Nervous System (CNS) Acute 
Lymphoblastic Leukemia

Lauren D. Scherer and Eric S. Schafer

 Introduction

Outcomes for acute lymphoblastic leukemia (ALL) have dramatically improved 
over the last several decades – particularly in children, but also in adults [1–5]. A 
critical component to this trend was the discovery in the 1970s of the central nervous 
system (CNS) as a sanctuary site for leukemic blasts that required targeted and 
anatomically directed therapy [6]. To date, it is unclear how leukemia cells enter the 
CNS, but hypotheses include translocation via the systemic circulation [7], direct 
extension from the bone marrow of the skull into the meninges via the bridging 
veins [8], entry of systemic leukemia cells via the choroid plexus, and direct invasion 
into the brain parenchyma via cranial capillaries (Fig. 11.1) [9]. Because systemically 
delivered chemotherapy generally has a diminished capacity to cross the blood- 
brain barrier (BBB) and accumulate in the cerebral spinal fluid (CSF), once present 
in the CNS, lymphoblasts are able to escape the full effects of drugs administered in 
this manner [10]. No matter how entry is achieved, presence of at least sub- 
microscopic leukemia in the CNS is likely present in the majority of patients at 
diagnosis, as evidenced by the fact that most CNS relapses occur in patients with no 
clinical or laboratory evidence of CNS leukemia at diagnosis [11] and early 
observations that more than 50% of ALL patients suffered CNS relapses prior to 
recognition of the need to treat the CNS compartment prophylactically [12, 13]. 
With the application of risk-directed, effective, systemic chemotherapy and 
prophylactic CNS-directed treatment including intrathecal chemotherapy, the rate 
of CNS relapse is now 5–6% [13–15]. Despite great advancements, the CNS is still 
the most common site of extramedullary relapse and remains an important cause of 
morbidity and mortality.
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Fig. 11.1 (a) Schematic representation of the anatomical features of the CNS and possible entry 
routes for leukemic cells into the CNS. The meninges, which envelop the central nervous system 
(CNS), consist of the dura mater, the arachnoid mater, and the pia matter. The cerebrospinal fluid 
(CSF) is mainly produced by the choroid plexus (CPE) within the ventricles of the brain and 
circulates into the subarachnoid space located between the pia and the arachnoid membranes. 
Leukemic blasts may enter the CNS by passing through distinct barrier systems including the 
blood-brain barrier (BBB) in parenchymal microvessels, the blood-leptomeningeal barrier 
(BLMB) in meningeal microvessels, or the blood-CSF barrier (BCSFB) in the CPE. B, C: magni-
fication of zone B, C, respectively (b, c). (From Firshman-Levy and Izraeli [10], with permission)
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 Diagnosis of CNS Disease in Patients with ALL

The treatment of ALL has become more precise and individualized based on current 
risk-stratification. Accurate diagnosis of CNS leukemia is crucial for determining 
risk and subsequent therapy. The gold standard to determine CNS involvement in 
ALL is by cerebrospinal fluid (CSF) cell count and cytology [14]. A sample of CSF 
is obtained from a diagnostic lumbar puncture (LP), and a cytospin slide is examined 
by light microscopy after Wright-Giemsa staining [16]. Cerebral spinal fluid 
cytology has been utilized and studied for well over 100 years; it is inexpensive and 
technically simple to process and promises rapid reporting of results [17]. However, 
it has some potentially significant limitations: cells in the CSF are scarce and if 
present degenerate rapidly ex vivo potentially confounding an accurate diagnosis 
which relies entirely on visual morphologic identification [17]. As a result, the 
sensitivity and specificity of CSF cytology to identify CNS leukemia have been 
questioned for decades. Early studies of conventional cytology have demonstrated 
false-negative rates up to 40% [18, 19], and so additional techniques have been 
developed and studied including terminal deoxynucleotide transferase staining, 
immunocytology, and flow cytometry [20–22]. In particular, flow cytometry, a 
technology known to increase leukemia minimal residual disease (MRD) sensitivity 
testing to 0.01%, has been shown to enhance CSF examination. One landmark study 
showed that, when compared to cytology, flow cytometry raised CNS leukemia 
diagnostic sensitivity from 73% to 96% and specificity from 94% to 97% [23]. 
Polymerase chain reaction (PCR), a technique which improves leukemic detection 
in the MRD setting by 1–2 logs over flow cytometry [24], is increasingly being used 
as a correlative study to cytology due to its improved sensitivity and ability to detect 
very low levels of blasts in the CSF [25, 26]. These enhanced modalities may be 
useful in patients with equivocal results by cytology and in particular may be useful 
in patients with CNS disease who are being monitored for lymphoblast clearance 
from CSF (lymphoblast residual disease), as morphological blast appearance may 
be altered with treatment [27, 28]. Due to differences in requirements for sample 
processing and standardization of interpreting results, technical complexity, and 
cost, these enhanced modalities should only be done in addition to gold standard 
cytology evaluation, rather than as a replacement. Magnetic resonance imaging 
(MRI) and computed tomography (CT) evaluations have shown to be predictive of 
leukemic infiltration in patients with neurologic symptoms [20, 29]. However, even 
with occult CNS disease, most patients are asymptomatic, and therefore imaging is 
not a preferred modality of diagnosing and staging CNS leukemia [30].

All ALL patients should receive an initial diagnostic LP. However, this procedure 
must be performed under optimal conditions in order to limit the risk of a traumatic 
lumber puncture (TLP) [31]. Traumatic lumbar punctures contaminated with red 
blood cells (RBCs) can make diagnosis and staging of CNS disease difficult. In 
addition, at the time of the initial LP, patients often have peripheral circulating 
leukemic blasts that can be introduced from the blood stream into the CNS during 
the procedure if the integrity of blood vessels is damaged by the penetrating spinal 
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needle [32]. This is particularly concerning as some studies have reported an 
increased incidence of CNS relapse associated with TLP in the presence of 
peripheral blast cells [11, 33, 34]. For all newly diagnosed patients, the initial LP 
should be done by an experienced clinician after assurance that the patient has an 
adequate platelet count (>50,000/μL) and normal/near-normal coagulation tests 
(after product transfusions if necessary) to limit risk of bleeding [16]. In addition, 
most children will require some form of sedation to have optimal control of 
positioning and limit unanticipated patient movement [35]. In adults, LPs can be 
even more challenging given their baseline increased abdominal girth and higher 
incidence of obesity [36] which is known to increase risk of TLP [37]. In addition, 
adults can have other conditions making needle entry difficult such as spinal 
osteoarthritis [38]. In these cases LP by an interventional radiologist under 
fluoroscopy is less likely to result in a TLP [16].

Once the initial diagnostic LP is completed and cytology identifies presence or 
absence of lymphoblasts, CNS disease staging can be determined by cell count and 
number of blasts in the sample. In adult patients, diagnosis of CNS leukemia is 
made with at least 5 leukocytes/μL of CSF with leukemic blasts present or the 
presence of a cranial nerve palsy [39, 40]. In pediatric patients, any number of blasts 
in the sample of CSF has been associated with increased risk for CNS relapse in 
some acute leukemias [15, 41]. CNS risk stratification is therefore categorized into 
three groups including CNS1, indicating no identified CNS leukemia; CNS3, 
indicating overt CNS disease; and an intermediate category (CNS2) [42] 
(Table 11.1). There are some circumstances in which the diagnostic LP cannot be 

Table 11.1 Classification of CNS leukemia at diagnosis

Classification Cytology on cytospin
RBCs per 
μL

WBC per 
μL

Steinherz/Bleyer algorithma 
result

CNS1 Negative Any Any Not applicable
CNS2

2a Positive <10 <5 Negative
2b Positive ≥10 <5 Negative
2c Positive ≥10 ≥5 Negative

CNS3
3a Positive <10 ≥5 Positive
3b Positive ≥10 ≥10 Positive
3c Defined by clinical signs of CNS leukemia (e.g., facial nerve palsy, brain/eye 

involvement)
aSteinherz/Bleyer algorithm method of evaluating initial traumatic lumbar puncture:
If the patient has leukemic cells in the peripheral blood and the lumbar puncture is traumatic and 
contains ≥5 WBC/μL and blasts, the following algorithm should be used to distinguish between 
CNS2 and CNS3 disease (deemed positive if): (CSF WBC/CSF RBC) >  [2x (peripheral blood 
WBC/peripheral blood RBC)]
  Example of POSITIVE disease by Steinherz/Bleyer algorithm: CSF WBC  =  60/μL; CSF 
RBC = 1500/μL; peripheral blood WBC 46,000/μL; peripheral blood RBC 3.0x106/μL (60/1500) 
= 0.04 > [2x(46,000/3.0x106)] = 0.015
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performed safely due to severity of patient presentation and need to start patients on 
immediate systemic therapy. In other cases, patients have received steroids in a 
period just before ALL diagnosis for symptoms such as respiratory distress or 
lymphadenopathy. Under these circumstances patients often receive intensified 
CNS-directed therapy since partial pre-treatment of the CSF may obscure diagnostic 
results leading to falsely risk-stratifying patients to a lower CNS disease category 
[43, 44].

 Risk-Stratified Treatment of CNS Disease

Presenting CNS status is used to determine risk stratification for CNS relapse and 
subsequent CNS-directed therapy. Approximately 5 to 10% of adults with ALL 
have CNS involvement at presentation, with increased involvement in patients with 
T-cell ALL versus B-cell ALL [45–47]. In comparison to adults, children have an 
increased overall incidence of CNS disease at presentation, although the 
immunophenotypic distribution is similar, with an increased proportion of children 
with T-cell ALL having CNS disease (CNS2 or CNS3) at presentation (30–35%) 
[48, 49] compared to B-cell ALL (10–15%) [42]. In a review of recent trials of 
pediatric patients with B-ALL from 2004 to 2010, the majority of patients were 
diagnosed as CNS1 disease (88.3%), with the remainder diagnosed with CNS2 
disease (10.2%) and CNS3 disease (1.2%) [42]. In this study of over 8000 pediatric 
patients, those with CNS2 or CNS3 disease had inferior 5-year overall survival (OS) 
and event-free survival (EFS) compared to those with CNS1 disease (CNS1, 85% 
(±0.6%)/92.7% (±0.4%); CNS2, 76% (±2%)/86.8% (±1.6%); CNS3, 76% 
(±5%)/82.1% (±4.7%); p < 0.001 for both OS and EFS) and a significantly increased 
rate of CNS relapse (5.6% for CNS2, 5.1% for CNS3 – compared to a rate of 2% in 
CNS1 patients; p < 0.001). Among the CNS2 subcategories, there was no significant 
difference in EFS or OS or cumulative risk of relapse, suggesting that presence of 
lymphoblasts alone was independently associated with increased risk of CNS 
relapse [42]. Largely based on these data, most major pediatric oncology research 
consortia worldwide now intensify CNS targeted therapy for patients with 
diagnostically established CNS2  in addition to the long-standing intensification 
performed for patients with CNS3 disease [30, 50–53]. A similar recent review of 
pediatric T-ALL data demonstrated no difference in outcome between CNS1 and 
CNS2 patients, and therefore, those patients continue to be treated with equal 
attention paid to CNS prophylaxis [54–56]. In adults, factors associated with 
increased risk of CNS relapse, and thus consideration for increased CNS-directed 
therapy, include elevated lactate dehydrogenase levels (LDH), increased S-phase 
fraction, mature B-cell phenotype, T-cell phenotype, high diagnostic WBC counts, 
and overt CNS leukemia at diagnosis [14, 45, 57–62] (Table 11.2).
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 Methods of Initial CNS Prophylaxis and Treatment

For decades, pediatric protocols have focused on early and aggressive CNS-directed 
therapy, while adult protocols have been less CNS-focused [63, 64], which is now 
cited as a major potential factor in the traditional superiority of pediatric protocols 
in inducing long-term remissions over adult protocols [63, 64]. Adult and pediatric 
trials alike now incorporate early and aggressive prophylactic or treatment strategies 
for CNS disease that include BBB-crossing systemic and intrathecal chemotherapy 
and, in a decreasing number of circumstances, cranial radiation. In patients 
presenting with CNS disease, therapeutic strategies are intensified during the 
induction phase of chemotherapy before transitioning to prophylaxis once CNS 
disease has been controlled [14].

 Cranial Radiation Therapy

Cranial radiation (CRT) has played a central role in the successful treatment of ALL 
since the CNS was discovered to be a sanctuary site [14]. The timing of CRT 
administration is based on potential interaction with systemic chemotherapy and 
therefore reserved for blocks of therapy with fewer CNS-directed agents or for 
treatment of patient symptoms, as radiation can rapidly improve nerve impingement 
and lead to salvage of function in cases of significant CNS disease [65]. When 
given, CRT is administered as fractionated doses to total 12 to 24 Gy depending on 
patient subgroup [50]. Adults may receive up to 24 Gy with minimal adverse effects 
[16]. However, in children, cranial or craniospinal radiation therapy is associated 
with a high risk of secondary neoplasms (21% at 20 years) [15], neurocognitive 
defects, multiple endocrinopathies, and higher mortality rate than the general 

Table 11.2 Risk factors associated with CNS relapse in ALL

Leukemic blasts in CNS at diagnosis
High peripheral blood leukemia cell burden at diagnosis
T-cell phenotype
Leukemic cell genotypes
    Pre-B ALL with E2A-PBX1 fusion gene with t(1;19)
    Hypodiploidy (< 45 chromosomes/leukemic cell)
    KMT2A-rearrangement
    Philadelphia chromosome t(9;22)
Host gene polymorphisms
    Vitamin D receptor start site (high-risk ALL)
    Thymidylate synthase (3/3) genotype (low-risk ALL)
Elevated lactate dehydrogenase (LDH) levels
Mature B-cell phenotype
Increased S-phase fraction of leukemia blasts
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population [66]. While there is a clear increase in effects with increased CRT doses, 
even at modern, reduced doses (12 to 18 Gy), children in long-term follow-up have 
demonstrated growth hormone deficiencies and poor emotional and cognitive 
quality of life [67]. Advances in BBB-crossing systemic therapies and intrathecally 
(IT) administered therapies have allowed for the reduction of CRT use. Today, use 
of CRT is reserved for only those patients at very high risk of CNS relapse [15], 
namely, those with occult CNS leukemia at diagnosis (CNS3 status), or as salvage 
therapy for those patients with CNS relapse [15]. Several recent pediatric protocols 
have demonstrated successful elimination of radiation in most patients, provided 
that intrathecal and systemic chemotherapy is appropriately intensified without 
compromising overall survival [65, 68–76].

 Systemic Chemotherapy

Efforts to limit use of CRT in patients with ALL have been successful due to inten-
sifying other methods of CNS-directed systemic and intrathecal chemotherapy. 
Development of effective systemic chemotherapy regimens relies on achieving and 
maintaining cytotoxic drug concentrations within the CNS. This includes the ability 
of the drug to cross the BBB, distribute within the brain parenchyma, and overcome 
mechanisms of transportation out of the CNS. Among systemic chemotherapeutic 
agents which can meet these criteria are corticosteroids, high-dose methotrexate 
(HDMTX), high-dose cytarabine, intensive asparaginase, and thiopurines. As such, 
these agents make up key pillars to modern ALL chemotherapy protocols.

 Corticosteroids

Corticosteroids are an essential component of ALL treatment. For both pediatric 
and adult protocols, high-dose corticosteroids are used throughout the initial 
induction of remission phase of chemotherapy and in short courses (5–7  days) 
during consolidative and maintenance chemotherapy [14]. Dexamethasone and 
prednisone are most commonly used, but both adult and pediatric studies have 
demonstrated potential advantages of dexamethasone over prednisone for CNS 
control, due to the longer biological half-life of dexamethasone versus prednisone 
(>32 h vs 4 to 6 h, respectively) and lower protein binding property of dexamethasone 
that results in higher CNS bioavailability [77, 78]. In adult studies, use of 
dexamethasone has decreased the rate of CNS recurrence to 2% [79]. Two landmark 
pediatric studies, Children’s Cancer Group CCG1922 and the UK Medical Research 
Council ALL97/99, demonstrated that transitioning prednisone to dexamethasone 
could decrease the risk of bone marrow and CNS relapse [77, 80]. While some 
follow-up studies in pediatrics suggest that dose matching of corticosteroids of 
prednisone and dexamethasone produces similar control of CNS disease with ratios 
of approximately 7 to 1 for prednisone to dexamethasone [81], additional studies 
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demonstrate clear advantage of dexamethasone for minimizing risk of CNS relapse 
[62, 82]. Use of high-dose corticosteroids for prolonged periods during ALL 
therapy, however, is not without side effects. A meta-analysis evaluating efficacy 
and toxicity of corticosteroids during induction therapy demonstrated that in 
comparison to patients receiving prednisone, those receiving dexamethasone had 
higher risk of mortality during induction (RR 2.31, 95% CI 1.46–3.66), adverse 
neuropsychological events (RR 4.55, 95% CI 2.45–8.46), and myopathy (RR 7.05, 
95% CI 3.00–16.58) [83]. This study did not find significant differences in 
osteonecrosis, sepsis rates, fungal infection, diabetes, or pancreatitis between the 
two groups [83]. Long-term follow-up studies of dexamethasone administration, 
not limited to induction therapy, found additional side effects including 
hyperlipidemia, hypertension, hyperglycemia, differences in bone health and body 
composition, and symptomatic osteonecrosis, which presents a major cause of 
morbidity, particularly in adolescent patients [77, 80, 84–87]. It is also known that 
there is increased neurocognitive and neuropsychological toxicities in both the 
short- and long-term follow-up of patients treated with dexamethasone compared to 
prednisone, but data are conflicting on the extent of this impact [71, 80, 88–92]. A 
study from St. Jude Children’s Research Hospital (SJCRH) of long-term ALL 
survivors evaluated the etiology of these neuropsychological differences using 
functional MRI (fMRI) in adult survivors of childhood leukemia and found that 
patients treated with dexamethasone are at increased risk for memory deficits and 
there is correlating altered neural activity in regions associated with memory [91]. 
Nonetheless, for prophylaxis of CNS disease in acute leukemia, dexamethasone 
remains the corticosteroid of choice in most circumstances.

 High-Dose Methotrexate and/or High-Dose Cytarabine

High-dose intravenous (IV) methotrexate (HDMTX) – generally defined as >1 g/m2 
[93] – was introduced as a treatment of ALL expected to prevent CNS relapse by 
crossing the BBB.  Methotrexate is a classical folate antagonist that targets 
dihydrofolate reductase and when given in high doses can be associated with renal 
dysfunction, neurotoxicity including leukoencephalopathy and stroke-like 
symptoms, myelosuppression, and mucositis [94]. In a meta-analysis of eight 
studies that compared cranial radiation plus CSF-directed therapy with HDMTX 
plus intrathecal chemotherapy, HDMTX was shown to reduce hematologic relapse 
and improve EFS but only had a marginal effect on the control of CNS relapse [95]. 
High-dose methotrexate is given to children with ALL as 4–5 g/m2 infusions over 
24 h [96]. In adults, optimal dosing for HDMTX has not yet been determined, and 
doses will vary depending on treatment protocols [97].

Recent pediatric protocols have evaluated differing methods of methotrexate 
administration, comparing efficacy of HDMTX in various patient populations to 
Capizzi-based dose-escalating methotrexate plus PEG-asparaginase (C-MTX) with 
variable results. In patients with high-risk B-cell ALL evaluated in Children’s 
Oncology Group (COG) trial AALL0232, there was a clear benefit of HDMTX and 
no increase in toxicity compared to C-MTX demonstrating 5-year EFS of 82% 
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versus 75.4% (p  =  0.006) [96] and decrease in risk of bone marrow and CNS 
recurrences [98]. Despite a very clear advantage in high-risk B-cell ALL patients, 
these results were not corroborated in patients with T-cell ALL. The recent T-cell 
ALL trial, COG AALL0434, included a 2x2 randomization that compared regimens 
containing either C-MTX or HDMTX during an 8-week interim maintenance phase, 
with all patients except those with low-risk features receiving prophylactic (12 Gy) 
or therapeutic (18  Gy for CNS3) cranial radiation [99]. The 1031 patients with 
T-ALL without CNS3 disease or testicular leukemia were randomly assigned to 
receive C-MTX (n = 519) or HDMTX (n = 512). This study demonstrated increased 
5-year disease-free survival and overall survival 91.5% (95% CI 88.1–94.8%) and 
93.7% (95% CI 90.8–96.6%) for C-MTX compared to 85.3% (95% CI 88.1–94.8%) 
and 89.4% (95% CI 85.7–93.2%) for HDMTX [99]. Of these patients, C-MTX 
group had 32 relapses, 6 of which had CNS involvement (19%), and HDMTX had 
59 relapses, 23 (39%) of which had CNS involvement, suggesting that T-cell ALL 
patients may benefit from C-MTX more than HDMTX [99]. This study, however, 
was not a direct comparison of C-MTX and HDMTX, with other differences 
between treatment groups. First, C-MTX includes two doses of PEG-asparaginase – 
known to be beneficial for CNS disease control (see next section) – not included in 
HDMTX blocks. Second, while both groups received the same dose and duration of 
CRT, those in the C-MTX group received it earlier in their course of therapy as 
concern regarding toxic interactions between HDMTX and CRT prompted 
investigators to delay radiation exposure in the HDMTX arm of the study. Future 
studies will hopefully better elucidate the exact mechanism of this C-MTX benefit 
observed in T-ALL patients [54].

Similar to HDMTX, high-dose cytarabine (HDAC) has also been successfully 
used for CNS prophylaxis and treatment. Cytarabine is an antimetabolite with an 
intracellular metabolite ara-CTP that is incorporated into DNA. After IV infusion, 
cytarabine rapidly distributes into total body water, and concentrations in the CSF 
reach 20–50% of simultaneous plasma concentration levels [100]. The half-life of 
cytarabine in the CSF is eight-fold greater than in plasma, and therefore cytotoxic 
concentrations can be achieved when administered at doses of 3 g/m2 IV every 12 h 
[101]. Adult protocols often combine HDMTX and HDAC in addition to IT 
cytarabine to prevent CNS recurrence, but no consensus guidelines exist for optimal 
doses and number of cycles in adult patients. In pediatrics, HDAC is often reserved 
for relapsed or refractory patients. Toxicities of HDAC include myelosuppression, 
fever, rash, chemical conjunctivitis, and gastrointestinal disturbances, and given its 
distribution into the CNS, it also has rare but significant CNS toxicities including 
seizures, cerebral dysfunction, and cerebellar syndrome [100].

 Intensive Asparaginase

Asparaginase is an enzyme which depletes extracellular asparagine, an amino acid 
ALL cells are unable to synthesize. This drug is a mainstay of ALL therapy and can 
contribute to effective CNS control. Asparaginase is omitted in some adult protocols 
secondary to particularly high rates of adverse effects such as hypersensitivity 

11 Prophylaxis and Treatment of Central Nervous System (CNS) Acute Lymphoblastic…



244

reactions, pancreatitis, and liver dysfunction [102]. Systemic asparaginase is known 
to lower CNS levels of asparagine, demonstrating ability to penetrate the BBB 
[103]. The efficacy of asparaginase in CNS prophylaxis is dependent on type and 
dose of asparaginase administered. Pegylated (PEG)-asparaginase is a modified 
version of the enzyme L-asparaginase, derived from E. coli, and is used in all 
pediatric ALL therapy due to its long half-life. PEG-asparaginase is administered at 
2500  IU/m2 IV early in induction therapy and then throughout pre-maintenance 
therapy in pediatric patients with ALL.  Follow-up studies have demonstrated 
subsequent CSF asparagine concentrations decreased by 25–30% following this 
dose of PEG-asparaginase [104, 105]. Primary complications associated with PEG- 
asparaginase  =  include anaphylaxis, and patients with severe hypersensitivity 
reactions can be transitioned to Erwinia-derived products with a shorter half-life. In 
patients treated with Erwinia asparaginase =, the CNS relapse rate has been reported 
to be between two and six times the rate of patients treated with E. coli-derived 
preparations, further suggesting the impact of this medication in prevention of CNS 
relapse [106–108].

 Thiopurines

Several studies have reported efficacy of both of the thiopurines mercaptopurine 
(6MP) and thioguanine (6TG) in the treatment of childhood ALL.  One study 
comparing mercaptopurine (75 mg/m2; n = 1017) and thioguanine (50–60 mg/m2; 
n = 1010) demonstrated superior control of CNS relapse in patients treated with 
6TG (p  =  0.01) and improved 5-year EFS [109]. Another study reported a 
significantly lower risk of isolated CNS relapse with 6TG compared to 6MP at a 
lower dose of 6TG (40 mg) [110]. Follow-up studies have demonstrated risk of liver 
toxicity and veno-occlusive disease [109], limiting transition to 6TG entirely in 
ALL protocols, but most pediatric protocols still incorporate short blocks of 6TG.

 Ifosfamide

Ifosfamide is an oxazaphosphorine alkylating agent and widely used in the treat-
ment of solid tumors, with use now extending to some hematologic malignancies – 
specifically lymphoma [111]. Ifosfamide has been shown to have CNS penetration, 
although kinetics in CNS are not well understood [111]. Ifosfamide has been used 
in treatment of CNS malignancies due to its ability to cross the BBB and thus can 
be used in relapse or setting of refractory disease. One study evaluating relapsed, 
refractory CD20+ B-cell non-Hodgkin lymphoma and mature B-cell acute 
lymphoblastic leukemia showed the efficacy of combination therapy with one to 
three cycles of ifosfamide (300 mg/m2) and etoposide (100 mg/m2) given on days 3, 
4, and 5 of each cycle and carboplatin (635  mg/m2) on day 3, enhanced by 
rituximab [112].
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 Nelarabine

Nelarabine is a water-soluble prodrug of Ara-G, a deoxyguanosine analog that pref-
erentially accumulates in T-cells where it is rapidly phosphorylated into ara- GTP 
which exerts cytotoxic effects [113]. In T-ALL and T-lymphoblastic lymphoma, it 
has been shown to be highly active [54]. In a phase I study of nelarabine adminis-
tered as a 1-h infusion daily for 5 days in children and adults with refractory hema-
tologic malignancies, a striking response rate was observed in patients with T-cell 
malignancies and limited response in those with B-cell malignancies [114]. A fol-
low-up phase II trial sought to evaluate response rate to nelarabine in pediatric 
patients with first or subsequent T-cell ALL relapse [115]. In this study, a total of 
121 patients were enrolled and evaluated, after two dose de-escalations to a dose of 
650 mg/m2 demonstrating tolerability. Interestingly in this study, 8 of 22 patients 
who had positive CSF cytology prior to study entry converted to negative CSF 
cytology by day 7 prior to their scheduled intrathecal chemotherapy, proving a role 
for nelarabine in treatment and possibly prophylaxis of CNS leukemia [115]. The 
subsequent COG study AALL0434 for de novo T-cell ALL patients included a 
nelarabine randomization wherein patients were randomized to receive 5-day blocks 
of nelarabine at 650 mg/m2/day incorporated into two pre-maintenance cycles and 
four maintenance cycles of therapy. In this study of incorporating nelarabine 
up-front in T-cell ALL treatment, 4-year disease-free survival (DFS) and overall 
survival rates were 84.3% (+/−1.1%) and 90.2% (+/− 0.9%) for all patients. In the 
patients randomized to nelarabine (n = 323) versus no nelarabine (n = 336), 4-year 
DFS was 88.9% (+/− 2.2%) versus 83.3% (+/− 2.5%) (p = 0.0332), respectively, 
with a marked reduction in CNS relapses among patients receiving nelarabine 
(manuscript under review). These results have led to the incorporation of nelarabine 
into subsequent T-cell ALL treatment protocols. Nelarabine has been shown to have 
CNS penetration and associated side effects of neurotoxicity [116] including effects 
on both central and peripheral nervous system, most commonly seen in heavily pre-
treated patients, but high-grade adverse effects are rare and the agent has been 
deemed tolerable in combination chemotherapy regimens [54].

 Intrathecal Chemotherapy

Systemic chemotherapy alone is not adequate for CNS prophylaxis or treatment as, 
using this method of administration, it is difficult to produce and maintain prolonged 
therapeutic concentrations of drug in the CSF [117]. This can be overcome by direct 
injection of agents into the CSF compartment. This method has proven to be highly 
effective as high drug concentrations can be delivered into the CSF and meninges 
with low doses of medication and therefore minimal systemic toxicity [117]. All 
patients, regardless of CNS status, receive scheduled IT chemotherapy for the 
duration of treatment, but frequency is dependent on CNS disease at presentation 
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and risk of relapse [15]. For patients with CNS1 disease or no evidence of CNS 
involvement at diagnosis, LPs with intrathecal chemotherapy occur at the beginning 
of each block of therapy and repeat with several weeks between treatments [16]. 
Patients who present with evidence of CNS disease require weekly to bi-weekly IT 
treatment until CSF is clear of lymphoblasts [16].

There are a limited number of agents that are routinely administered intrathe-
cally. Most commonly used are antimetabolites methotrexate and cytarabine [15]. 
Less often used is the alkylating agent thiotepa [15, 117], which is reserved as a 
second- line agent for childhood meningeal disease [118–120] as it has a toxicity 
profile similar to IT methotrexate [118] but is rapidly cleared from the 
CNS.  Intrathecal gemcitabine demonstrated significant cytotoxicity precluding 
direct CNS delivery [121], and intrathecal topotecan failed to demonstrate objective 
antitumor activity, despite being well tolerated in a phase II trial and demonstrating 
a favorable safety profile [122, 123].

The first IT treatment in patients with newly diagnosed ALL is often cytarabine 
[16]. Subsequent doses of IT chemotherapy consist of methotrexate or combinational 
therapy with methotrexate, cytarabine, and glucocorticoids (often hydrocortisone) 
in various combinations (termed “triple intrathecal therapy” or “TIT”) [15]. 
Intrathecal methotrexate has been in clinical use for over 50 years and is the most 
commonly used agent for intrathecal administration [117]. It is administered to 
patients with newly diagnosed ALL to prevent meningeal relapse and also can be 
used for the treatment of meningeal spread of disease. Bleyer and colleagues 
recommended an intrathecal dosage schedule for methotrexate based on age instead 
of body surface area, and as this regimen has proven to be less neurotoxic, it is now 
incorporated into frontline leukemia protocols [8]. There remain conflicting reports 
of antagonism and synergy of TIT [15, 124]. Results of the most recent high-risk 
pediatric ALL trial demonstrate no improvement in disease-free survival in patients 
who received triple intrathecal chemotherapy compared to those receiving intrathecal 
methotrexate [125]. An earlier randomized trial also demonstrated that despite 
reduction of isolated CNS relapse in patients receiving triple intrathecal 
chemotherapy compared to IT methotrexate alone, there was an increased frequency 
of bone marrow and testicular relapse resulting in inferior overall survival rates as 
medullary relapses are more difficult to salvage [126]. One explanation for this is 
isolated CNS relapse was a manifestation of systemic relapse and that improved 
CNS control secured with TIT favored overt leukemia relapse in other sites at later 
time points [15]. This suggests that more effective systemic chemotherapy will be 
needed for the full benefit of TIT to be demonstrated.

An alternative method of direct delivery of CNS therapy is through an Ommaya 
reservoir. This device is implanted subcutaneously and connected to a catheter in 
the lateral ventricle [127]. This reservoir allows for direct intraventricular 
administration of anticancer therapy which is a convenient and less painful method 
compared to lumbar puncture, does not require sedation, and requires lower doses 
of chemotherapy, usually 50% of the dose required via LP, with improved drug 
distribution [117, 128, 129]. The major limitation of Ommaya therapy is the inability 
to reliably screen for CSF clearance of lymphoblasts, as ventricular CSF may be 

L. D. Scherer and E. S. Schafer



247

negative for disease while lumbar CSF remains positive [117, 130, 131]. Therefore, 
these patients still require interval lumbar punctures for screening. While all patients 
receiving ALL therapy could have an Ommaya placed, these are often reserved for 
patients who have preclusions to lumbar punctures such as meningeal disease or 
challenging anatomy [130–132].

Repeated administration of IT chemotherapy is integral to treatment of the CNS 
compartment but can have significant side effects. The procedure alone, particularly 
in children, often requires sedation to be performed optimally, and over time, longer 
duration of anesthesia and higher cumulative doses of anesthetics (specifically 
propofol and fluranes) have resulted in slower processing speeds in a study of 212 
long-term survivors of childhood ALL [133]. Intrathecal chemotherapy 
administration has additional effects on brain network efficiencies and processing, 
with highest risk in patients who receive more frequent intrathecal methotrexate 
administration [134] in a study done in patients who received chemotherapy only 
(no radiation). In a study of 571 adult survivors of ALL, neurocognitive tests and 
self-reported neurocognitive symptoms were reviewed in multivariate analysis 
including exposure to intrathecal and high-dose methotrexate as covariates [67], but 
differences in neurocognitive and quality of life outcomes were only significant in 
groups receiving higher doses of cranial radiation therapy. A large study from 2003 
to 2011 in the UK (UKALL2003) evaluated which patients are at highest risk for 
neurotoxicity secondary to chemotherapy administration with a multivariate 
analysis demonstrating that treatment allocation, female sex, CNS status, and age 
remained significant independent predictors of neurotoxicity [135].

It is clear that any method of treating the CNS may cause some real and signifi-
cant untoward effects. However, it is also clear that any up-front ALL therapy with 
curative intent must contain intensive CNS-focused therapy. Using systemic therapy 
able to cross the BBB and IT therapy have greatly reduced effects seen in CRT, but 
additional improvements are needed.

 Refractory CNS Disease and CNS Relapse

Despite increased intensity and efficacy of systemic chemotherapy and intrathecal 
chemotherapy, approximately 3–8% of patients will develop a CNS relapse [15]. At 
the time of CNS relapse, treatment options include a single or some combination of 
systemic re-induction chemotherapy, accentuated with therapies known to cross the 
BBB, intensified IT chemotherapy, with or without CRT, and hematopoietic stem 
cell transplant (HSCT). Relapse protocol choice is dependent on timing of relapse, 
location of relapse, host tolerability, and patient goals of care [14, 16].

As any relapsed therapy is going to be particularly toxic, accurately diagnosing 
a true CNS relapse is of critical importance. Despite its diagnostic limitations, as it 
is used in diagnosis at presentation, CSF cytology continues to be used in the initial 
diagnosis of relapsed and refractory CNS ALL [136]. In an attempt to improve on 
past diagnostic criteria, the COG recently put forth more stringent CNS relapse 
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criteria for its most recent pre B-cell ALL studies AALL1731 and AALL1732 (clin-
icaltrials.gov identifiers NCT03914625 and NCT03959085, respectively). All 
relapses must occur after a complete remission (CR) is initially obtained. Definitive 
CNS relapse is diagnosed with a single CSF sample with CNS3 status; clinical signs 
of CNS leukemia such as facial nerve palsy, brain/eye involvement, or hypotha-
lamic syndrome; or two consecutive CSF samples with CNS status confirmed by 
flow cytometry and/or fluorescence in situ hybridization (FISH). An equivocal CNS 
sample after obtaining a CR is defined as a single CSF sample with CNS2 status. In 
the case of equivocal CNS relapse, a CSF evaluation should be repeated as early as 
within 1 week but must be done within 4 weeks of the equivocal sample. On the 
repeat test, cytology, flow cytometric testing, and FISH (if applicable) should be 
sent. To convert to definitive relapse, the repeat CSF must either meet the criteria for 
definitive relapse or re-demonstrate CNS2 status but with lymphoblasts confirmed 
by flow cytometry and/or FISH. This system will hopefully improve both diagnostic 
accuracy and precision and lead to only those who truly require salvage CNS ther-
apy to receive it.

If patients do get definitively defined as having a CNS relapse, while improve-
ments are still required, refractory and first relapsed B-cell CNS disease is generally 
salvageable in children with current standard-of-care therapies, often without the 
need for HSCT. In these patients, better outcomes are seen in those with isolated 
CNS disease and/or late occurring relapse after achieving a first CR.  Curative 
efforts, even in the setting of isolated CNS relapse, require the use of systemic 
chemotherapy in addition to CNS-directed therapy, as CNS disease in relapse of 
both B- and T-cell leukemias is known to occur largely in the presence of 
submicroscopic recurrence in the bone marrow, even when gold-standard clinical 
tests determine that the bone marrow is free of disease [137, 138]. On Pediatric 
Oncology Group (POG) trial 9061, 83 children (n = 80 (96%) with B-cell ALL) in 
first isolated CNS relapse who received CNS-directed systemic chemotherapy 
(intermediate-dose (1 g/m2 over 24 h) methotrexate and high-dose cytarabine (3 g/
m2)), intensive IT therapy, and delayed CRT of 24 cGy achieved a 100% second CR 
rate and a 4-year EFS of 71.1% (±5.3%). Those who were ≥18 months from initial 
CR had a 4-year EFS of 83.3% (±5.3%), while those who remained in first remission 
<18  months had a 4-year EFS of 46.2% (±10.2%) [139]. St. Jude Children’s 
Research Hospital achieved almost identical results on its R-11 protocol using a 
similar approach. They noted a 100% second CR and a 70% (±11%) 5-year disease- 
free survival (DFS) among all patients (15 of 17 (88%) of which had B-cell ALL). 
They also noted that 10 of 13 tested patients were found to retain normal intelligence 
quotient (IQ) scores after therapy [140]. B-cell patients on the POG 9061 successor 
study, POG 9412, achieved similar outcomes with reduced CRT (18  Gy) but 
included maximal intensity chemotherapy for 12 months prior to radiation [141]. 
Further attempts to intensify these relapsed backbones by increasing doses and 
frequency of chemotherapeutic agents have not improved outcomes dramatically 
but have increased toxicities [142, 143]. Therefore, current efforts aim to improve 
outcomes, particularly in early CNS relapse focus on offering novel systemic agents 
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(e.g., blinatumomab), using intensified triple IT therapy and offering HSCT to early 
relapsed patients [144].

The excellent outcomes in childhood B-cell ALL are unfortunately not recapitu-
lated in childhood T-ALL or in adult ALL of any lineage. In a recent large study, the 
5-year OS for childhood T-ALL after first isolated CNS relapse (n = 68) was noted 
to be 51.7% (±6.2%) although if CNS relapse occurred in combination with overt 
relapse in the bone marrow (n = 30) the OS was 8.9% (±7.3%) – significantly worse 
than isolated bone marrow relapse (n = 71, 19.2% ±5%) [145]. Relapse in the CNS 
in adults has a dismal prognosis. Studies which have examined survival in adults 
with ALL after first CNS relapse note 4–5-year overall survival rates between 0% 
and 6% with median survivals after occurrence being <8 months [45, 146, 147] with 
no difference in survival based on phenotype [45]. In these patients, for whom out-
come is particularly poor and for whom no current curative standard of care exists, 
there are more novel systemic and intrathecal medications that have proven to be 
efficacious for inducing remission.

Often first-line treatment is intensive multiple-times-per-week administration of 
TIT [14, 16]. While a common approach, few well-controlled studies – particularly 
in the relapsed setting – have examined the benefit of TIT therapy over single-agent 
therapy. In children with de novo ALL, Children’s Cancer Group (CCG) study 1952 
randomized patients to standard IT methotrexate and TIT therapy. Although the use 
of TIT significantly improved CNS control with rates of isolated CNS relapse being 
3.4% in the TIT group versus 5.9% in the IT methotrexate group (p = 0.004), there 
was no difference in 6-year EFS between the groups (p = 0.2) [126], and similar 
results were seen in the more recent high-risk pediatric ALL trial with no difference 
in disease-free survival of TIT compared to single-agent IT methotrexate [125]. On 
SJCRH Total Therapy XV, patients were non-randomly treated with TIT after which 
subjects had a historically low incidence of relapse either isolated to the CNS (2.7%) 
or combined CNS and systemic relapse (3.9%) despite using no CRT [68]. Based on 
this study, SJCRH studies now exclusively use TIT for CNS control [68].

Additional intrathecal options can be administered more centrally and inten-
sively using an Ommaya reservoir. In adults, using an Ommaya reservoir, metho-
trexate (6–12 mg), cytarabine (30–50 mg), or both together can be injected twice 
weekly for six doses with good disease control [16]. In children, investigators at 
the Pediatric Oncology Branch of the National Cancer Institute pioneered using 
the Ommaya to provide increased exposure to therapeutic agents in a system called 
“concentration x time” (“CxT”) [148]. They gave children, adolescents, and young 
adults (aged 3–24 years) with multiply relapsed or significantly refractory CNS 
leukemia methotrexate 2 mg daily for 3 days repeated every 10 days x 4, followed 
by cycles of cytarabine 15 mg daily for 3 days followed 15 days later by metho-
trexate 2 mg daily for 3 days for 46 days and finally cytarabine 15 mg daily for 
3 days alternating with methotrexate 2 mg daily for 3 days every 29 days. With this 
system, they achieved at least a partial remission in 19 of 21 patients, and overall, 
patients were free of meningeal disease for a median of 15 months (range 2–89+ 
months) [149]. In addition, toxicities in this heavily pretreated cohort were 
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minimal with few and minor incidences of chemical arachnoiditis, headache, and 
nausea noted [149]. There are some additional agents that can be used in the set-
ting of relapse with increased intensity but do not require Ommaya placement, 
including liposomal cytarabine and thiotepa. Liposomal cytarabine (DepoCyt®) 
was created and tested in an effort to provide prolonged exposure and can be 
administered intrathecally without the need for a surgically implanted Ommaya 
reservoir. Compared with unencapsulated cytarabine, liposomal cytarabine has a 
longer half-life (141 h vs 3.4 h) and improved CSF distribution. Multiple studies 
in adults [150] (at a recommended dose of 50 mg) and children [151, 152] (at a 
recommended dose of 20 mg for children ≤1 year old, 25 mg for children >1 year 
and < 3 years old, 35 mg for children ≥3 and <14 years old, and 50 mg for children 
≥14 years old) [153] have shown that its use is safe and effective in patients with 
relapsed or refractory CNS leukemia. Due to risk of chemical arachnoiditis, it must 
be administered with intrathecal dexamethasone and caution in concomitant use 
with systemic chemotherapy that can penetrate the BBB. In July, 2017 DepoCyt® 
was removed from the worldwide market due to the manufacturer’s decision to 
stop its production [154]. Finally, both systemic and intrathecal thiotepas have 
been used to treat relapsed and refractory CNS lymphoblastic leukemia. Thiotepa 
is an alkylating agent and highly lipid-soluble, allowing for excellent CNS pene-
tration [155]. However, after intraventricular administration thiotepa is removed 
from the CSF within approximately 3–4  h, and when administered by lumbar 
puncture, intraventricular delivery yields a lumbar area under the curve of 5% of 
that for ventricular CSF, likely due to rapid systemic absorption [120]. Despite 
these limitations, intrathecal thiotepa has been suggested as a possible therapeutic 
agent for leptomeningeal metastases in a number of diseases including solid 
tumors and hematologic malignancies [156–160], but data to support its use has 
been limited [161–163]. Systemic thiotepa, however, has been shown to be effec-
tive in treating CNS disease [141]. In a study of pediatric patients with isolated 
CNS relapse of ALL, a single-dose thiotepa up-front therapeutic window study 
was included to evaluate efficacy of blast clearance from CSF.  In this study, 19 
patients were evaluated and received a single IV dose of thiotepa administered 
over 5 min. Two dose levels were evaluated: ten patients received dose level 1 of 
thiotepa (50 mg/m2), while an additional nine patients received dose level 2 (65 mg/
m2). Both groups demonstrated decrease in blast count in CSF within 1 week of 
single thiotepa dose (median blast count 85 decreased to 5  in the dose level 1 
group; media blast count of 61 decreased to 4 in dose level 2 group), and dose level 
2 resulted in 3 patients with CR, 4 patients with partial remission (clearing >50% 
of blasts), and minimal delay in proceeding to additional chemotherapy. This dem-
onstrates the efficacy of single-agent thiotepa in CNS disease control, but a num-
ber of other studies have shown similar efficacy when combined with other 
chemotherapy (clofarabine or gemcitabine, topotecan, vinorelbine) in both pediat-
ric and adult patients [164, 165].

L. D. Scherer and E. S. Schafer



251

 New Therapeutic Approaches and Potential for CNS Treatment

New, targeted therapies are being developed for the treatment of primary and 
relapsed or refractory ALL, including small molecule inhibitors (such as tyrosine 
kinase inhibitors, CD4/CD6 inhibitors, and BCL-2 inhibitors) and immunotherapy 
(such as monoclonal antibodies, antibody-drug conjugates, and chimeric antigen 
receptor (CAR) T-cells). These therapies are often used in addition to systemic 
chemotherapy and intrathecal chemotherapy with or without radiation, depending 
on the patient and disease. In combination with additional therapy, extent of CNS 
penetration and effect in treating ALL in the CNS are still under investigation for 
most of these novel agents. However, preclinical studies, case series/reports, and 
even toxicity assessments have begun to suggest how these drugs may impact ALL 
in the CNS (Table 11.3).

Table 11.3 Novel ALL therapies and therapeutic potential for CNS leukemia

Class Target Drug
Preclinical/
Correlativea

ALL 
clinicalb

Small molecule 
inhibitors

TKI (BCR-ABL) Imatinib No [167] No [168]
Dasatinib Yes [169] Yes [169]
Nilotinib Yes [170] Yes [170]
Ponatinib No [173, 174] No [173, 

174]
TKI (Jak) Ruxolitinib No [178] ND

CDK4/6 inhibitors Ribociclib No [179] ND

Palbociclib No [179] ND

Proteasome 
inhibitors

Bortezomib No [182] No [182]
Carfilzomib No [182] No [182]
Ixazomib No [182] No [182]
Marizomib Yes [183] ND

mTOR inhibitors Rapamycin Yes [191–193] ND

Sirolimus Yes [193] ND

Temsirolimus Yes [193, 194] ND

Antibodies Monoclonal Rituximab (CD20) No [195] No [195]
Daratumumab (CD38) No [196] No [196]
Epratuzumab (CD22) No [197] No [197]

Monoclonal-drug 
conjugate

Inotuzumab 
(CD22-calichiamicin)

No [184] No [188]

BiTE Blinatumomab 
(CD19-CD3)

No [184] No [185, 
198]

CAR T-cells CD19 Yes [189, 190, 
199]

Yes [189, 
190, 199]

CD22 Yes [200] ND

CD19/22 Yes [199] ND
aPreclinical or correlative – preclinical evidence or human subjects correlative biology evidence of 
agent’s ability to cross the BBB
bALL Clinical – evidence from human subjects clinical studies that systemic administration of the 
agent actively treats acute lymphoblastic leukemia in the CNS
ND no data
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Imatinib revolutionized the treatment of t(9;11) Philadelphia chromosome- 
positive (Ph+) ALL.  For example, historically <50% of pediatric patients with 
Ph + ALL would survive, even with HSCT. COG AALL0031, a landmark study, 
that showed backbone chemotherapy with the addition of continuous imatinib 
improved the 3-year EFS to 80% ± 11% compared to 35% ± 4% (p < 0.0001) in a 
historical cohort who received backbone chemotherapy alone [166]. However, the 
CNS remained a sanctuary site from imatinib [167], which preclinical studies 
showed did not cross the BBB well [168]. While data is sparse, the second- 
generation BCR-ABL tyrosine kinase inhibitors dasatinib and nilotinib appear to 
more effectively cross the BBB than their first-generation counterparts [169, 170]. 
There are clinical studies which have shown that both dasatinib and nilotinib have 
been effective in treating CNS-positive Ph+ ALL and even rescue patients who had 
residual or relapsed Ph+ CNS disease after failing imatinib [171, 172].

Unfortunately, most other small molecule inhibitors have efficacy similar to ima-
tinib in penetrating the CNS. The third-generation TKI ponatinib does not appear to 
treat CNS Ph+ ALL [173], potentially secondary to its active rapid BBB efflux 
[174]. Ruxolitinib, a JAK1/2 inhibitor FDA approved for the treatment of myelofi-
brosis and polycythemia vera [175], is being investigated in the treatment of 
Philadelphia-like ALL [176], which, while preclinical studies suggest efficacy 
[177], does not clinically penetrate the CNS [178]. It has been shown that the BCL-2 
inhibitor, venetoclax, does not cross the BBB [178] nor the CDK4/6 inhibitors such 
as ribociclib and palbociclib, which appear to either cross the BBB poorly or are 
actively and rapidly transported out of the CNS, making these drugs theoretically 
ineffective in CNS leukemia [179, 180]. Finally, the proteasome inhibitors advanced 
in clinical development such as bortezomib, carfilzomib, and ixazomib, which have 
shown great promise, particularly in relapsed ALL and T-ALL [181], have all failed 
to show BBB penetration [182]. However, a novel proteasome inhibitor, marizomib, 
not yet being tested in leukemias, does cross the BBB, making it an exciting agent 
to possibly treat proteasome inhibitor-sensitive CNS malignancies [183].

Generally, bispecific T-cell engagers (BiTEs), monocloncal antibodies, and anti-
body-drug conjugates are not able to penetrate into the CNS [184] limiting exciting 
new drugs such as blinatumomab, a CD19-CD3 bispecific antibody [185]; daratu-
mumab, a CD38 monoclonal antibody [186, 187]; and inotuzumab, a CD22 anti-
body conjugated to calicheamicin [188] to the treatment of systemic disease only. 
However, CAR T-cells may be useful for treating CNS disease. CD19 CAR T-cells 
have been detected in the CSF in patients, and several reports support these agents 
being effective and safe in patients with CNS leukemia [189, 190]. Data on CAR 
T-cells targeting other antigens such as CD22 or dual-specific CD19/22 are lacking 
in data on penetration and/or efficacy into the CNS.

 Conclusion

The provision of therapy specifically directed to the CNS, after its discovery as a 
sanctuary site for lymphoblasts, revolutionized the care of ALL. It is now considered 
a gold standard of care, in both children and adults, for ALL patients to receive early 
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and intensive CNS-directed therapy either prophylactically or therapeutically. The 
meteoric rise of survival rates seen after the introduction of prophylaxis and 
treatment of the CNS, however, was not without cost of adverse effects. Advances 
and increased options in CNS-directed therapy have maintained and even improved 
CNS relapse rates and reduced toxicities. However, despite modern developments, 
CNS relapses continue to occur, and toxicities remain leading to significant 
morbidity and mortality in patients with ALL. Innovative therapies being developed 
for ALL should continue to focus on more effective and less toxic CNS-directed 
therapy to be a high priority.
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NMDAR N-methyl-D-aspartate receptor
ON osteonecrosis
OS overall survival
PEG polyethylene glycol
PRES posterior reversible encephalopathy syndrome
PTWG Ponte di Legno Toxicity Working Group
QoL quality of life
RCT randomized controlled trial
SLS stroke-like syndrome
SOS sinusoidal obstruction syndrome
STFS severe toxicity free survival
TBI total body irradiation
TE thromboembolism
UNL upper normal limit

 Introduction

The best contemporary chemotherapy for childhood acute lymphoblastic leukemia 
(ALL) yields 5-year overall survival (OS) rates above 90%, which reflects intensi-
fied chemotherapy with treatment stratification directed by the mutational landscape 
of the leukemic clone and the early response to chemotherapy, better use of conven-
tional antileukemic agents, introduction of molecularly targeted drugs, refined strat-
egies for hematopoietic stem cell transplantation (hSCT), and improved supportive 
care [1, 2]. However, the high cure rate has come at a price [3–5]. All patients 
encounter severe acute toxicities during therapy, mostly infections but frequently 
also severe organ dysfunctions [6], and a significant proportion of survivors are 
burdened by late effects [7]. Whereas high-throughput, cost-effective technologies 
have revolutionized our insight into the mutations driving ALL pathogenesis and 
drug resistance [8], our biological understanding of late effects remains limited, 
thus hindering further personalized therapy to reduce their incidence. This partly 
reflects their individual relative rarity (requiring multi-institutional and interna-
tional research), complex pathogenesis, and uncertain associations with potential 
risk factors, including germline DNA variant profiles [9, 10].

 The Toxicity Scenario

Toxicities have traditionally been defined and graded according to the United States 
National Cancer Institute Common Terminology Criteria for Adverse Events [11], 
although some research groups (e.g., St. Jude LIFE [12] and the PTWG [13]) have 
adapted these to better address toxicities relating to childhood cancer in general or 
to childhood ALL patients specifically. Several of the late effects are long-term con-
sequences of acute toxicities that occurred during chemotherapy (e.g., insulin- 
dependent diabetes pancreatitis) [14], while others may emerge after discontinuation 
of therapy (e.g., osteonecrosis or second cancers) [15, 16].
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 Pattern of Late Effects

Parallel to changes in antileukemic therapy, the pattern of late effects has changed 
dramatically over the last decades [7]. Hematopoietic stem cell transplantation 
(hSCT) and prophylactic and therapeutic cranial irradiation are used less frequently 
with the latter being completely eliminated in many first-line protocols [17], while 
the use of glucocorticosteroids (including dexamethasone) and asparaginase has 
been intensified. Consequently, second cancers in the central nervous system (CNS), 
cognitive disturbances, reduced growth, and hypothalamic/pituitary dysfunction 
have become rarer, while osteonecrosis, musculoskeletal dysfunction, and endo-
crine disturbances have become more frequent (Fig. 12.1). The long-term impact on 
late effects of the more recently introduced immunotherapies, including chimeric 
antigen receptor modified T cells, is yet to be determined [18, 19].

Many late effect studies only address subsets of patients, one or a few specific 
late effects, are cross-sectional, or emerge from single institutions with limited 
study power. Since survival has become the most likely outcome for a child with 
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ALL, systematic, longitudinal follow-up is of paramount importance. However, 
only a few very large (>10,000 patients), multi-institutional childhood cancer survi-
vor cohort studies exist such as the US Childhood Cancer Survivor Study (www.
ccss.stjude.org), the Nordic Adult Life after Childhood Cancer in Scandinavia 
(www.aliccs.org), and the British Childhood Cancer Survivor Study [20].

Severe Toxicity Free Survival

As survival rates are high for children with ALL, there is a need for supplementing tra-
ditional outcome measures (OS and EFS with events encompassing resistant disease, 
relapse and second malignancies) with severe and persisting late effects to reflect not 
only survival but also the cost of cure. Until recently, no international consensus have 
existed to guide a standardized capture of even the most severe late effects. Addressing 
this issue, the Ponte di Legno consortium, representing 17 major ALL childhood study 
groups and institutions across North America, Europe, Japan, Taiwan, and Australia, 
recently published a prioritized list and consensus definitions of 21 severe toxicities pro-
posed to be captured and reported as an integrated part of the outcome evaluation of 
treatment protocols [21]. The measure of severe toxicity free survival (STFS) focuses on 
the most serious and objective late effects, while subsequent and more comprehensive 
(but also more complex) targets should include the lower-grade (equally burdensome), 
chronic, subjective late effects such as fatigue, pain, self-reported quality of life (QoL), 
and overall measures of the ability to comply with routine activities of daily living.

 Late Deaths

Case-control and cohort studies of childhood cancer survivors have shown that even 
15 years after cessation of therapy, the majority of deaths are caused by cancer or its 
treatment and only approximately 20% by non-neoplasia-related causes with an 
absolute excess risk of 6.2 per 1000 person-years [22, 23]. Importantly, for 5-year 
survivors of childhood ALL, the 15 years cumulative risk of recurrence has dropped 
from 10.2% in the 1970s to 2.2% for patients diagnosed in the 1990s parallel to the 
refinement and intensification of treatment, whereas the risk of death from health- 
related causes has stayed almost unchanged at 2–3% [24]. Accordingly, the life 
expectancy gap for 5-year ALL survivors compared to controls has dropped from 
14.7 years in 1970–1979 to just 8 years in more recent years.

 Second Malignant Neoplasm

In nationwide population- and register-based Nordic studies, the overall standard-
ized incidence rate of second primary cancers is 3.3 times that of the background 
population, being increased in all age groups, even after the age of 70 years. Still, 
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the reported frequency of second cancer (SMN) after ALL therapy is in the order of 
only 2% and dominated by second myeloid neoplasia. Importantly, the frequency of 
SMN is generally underestimated due to insufficient duration of follow-up. Thus, in 
a large international study of 642 childhood ALL survivors with SMN, 80% of 
hematological malignancies (3/4 being therapy-related acute myeloid leukemia 
(AML) and myelodysplasia (MDS)) occurred within 5  years from diagnosis of 
ALL, 80% of CNS tumors (except meningiomas) and sarcoma had occurred 
12 years from diagnosis, while 16 years had to pass before 80% of carcinomas had 
been diagnosed (and even later for non-thyroid carcinomas) [16]. Patients with CNS 
tumors or therapy-related myeloid neoplasia had 5-year overall survival rates in the 
order of only 20%, but in contrast to CNS tumors, myeloid neoplasias demonstrated 
clear improvement in survival over time (34.1% ± 6.3% for AML and 48.2% ± 10.6% 
for MDS diagnosed after 2000) and were furthermore positively associated with the 
lag time from ALL diagnosis (10% drop in death hazard per year of interval). 
Importantly, 5-year survival rates were above 90% for patients with meningioma, 
Hodgkin lymphoma, thyroid carcinoma, basal cell carcinoma, and parotid gland 
tumor and were almost 70% for non-Hodgkin lymphoma, i.e., very similar to their 
primary counterparts. Development of solid tumors is associated with cyclophos-
phamide exposure, whereas AML/MDS are associated with topoisomerase II inhib-
itor exposure and higher starting doses of methotrexate/mercaptopurine for 
maintenance therapy.  The role of germline DNA variants is only beginning to 
emerge. 

 The Overall Burden of Antileukemic Therapy

According to the largest, prospective, clinical follow-up study among childhood 
ALL survivors, the 30-year-old survivor will have experienced an average of 5.7 
recurring or chronic health events compared to only 2.0 in matched controls (at age 
50 years, these figures have risen to 16.7 and 9.3, respectively) [7]. As the long-term 
morbidities we see today echo protocols used decades ago, further prospective, lon-
gitudinal research is needed to reveal the true burden of current childhood ALL 
regimens.

 Endocrine Late Effects

Risk of hospital contact for endocrine disorders has been evaluated among >30.000 
1-year Nordic childhood cancer survivors, revealing that survivors of leukemia and 
CNS tumors are the ones at highest risk [25]. The leukemia survivors were at sig-
nificantly elevated risk for hospital contact relating to pituitary disorders, testicular 
dysfunction, and other disorders of puberty, reflecting therapy regimens using sub-
stantial amounts of cranial and testicular irradiation, which is becoming aban-
doned today.
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 Growth

Cranial and spinal irradiation causes the highest risk for reduced final height, as 
spinal irradiation inhibits vertebral growth directly resulting in reduced sitting 
height (larger impact with younger age), whereas cranial irradiation compromises 
growth via the hypothalamic-pituitary axis resulting in growth hormone deficiency, 
precocious puberty, and hypothyroidism [26]. Height reduction after cranial irradia-
tion is dose-dependent and most consistently reported after doses ≥24 Gy, whereas 
no lower safe threshold has been determined [27]. Similarly, growth hormone defi-
ciency has been reported more consistently after treatment with >24  Gy cranial 
irradiation than after doses of 18 Gy. The odds rate of clinical short stature below 
−2 SD is proportional to the extent of irradiation being 2.8 (95% confidence interval 
(CI) 1.9–4.0) for spinal irradiation, 2.9 (CI 2.0–4.2) for cranial irradiation, 8.0 (CI 
3.7–17.4) for total body irradiation (TBI) in association with hSCT, and 10.6 (CI 
4.25–25.3) for cranial irradiation and TBI [28].

Growth suppression from chemotherapy alone is frequently seen during treat-
ment but is typically followed by subsequent catch-up growth and achievement of 
adult height within the normal range [26, 27, 29]. Risk factors associated with 
reduced final height in both irradiated and non-irradiated survivors include female 
gender and younger age at diagnosis [28, 29]. Importantly, most studies of final 
adult height reflect protocols used during the 1970s–1990s, and follow-up of more 
recently treated patients is needed.

 Thyroid Dysfunction

TBI and craniospinal irradiation with scatter to the thyroid gland can cause hypo- 
and, more rarely, hyperthyroidism. Although the risk of hypothyroidism 15 years 
from ALL diagnosis is reported at only 1.6% (CI 1.1–2.1), the rate is significantly 
increased compared with siblings [30]. Importantly, survivors treated with cranial 
irradiation or chemotherapy only do not seem to be at increased risk of thyroid dys-
function [27, 30, 31].

 Metabolic Syndrome

Although the applied definitions vary, several studies have reported increased rates 
of obesity, disproportional alterations in body composition (sarcopenic obesity), 
hypertension, dyslipidemia, and metabolic syndrome (MetS) among childhood 
ALL survivors [27, 29, 32–34]. One of the largest studies with 784 ALL survivors 
found MetS in 33% of adult survivors [35]. When compared to matched community 
controls (N = 777), survivors had a higher risk of MetS (relative risk [RR] 1.43, 95% 
[CI] 1.22–1.69), hypertension ([RR] 2.43, 95% [CI] 2.06–2.86), dyslipidemia ([RR] 
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1.40, 95% [CI] 1.23–1.59), obesity ([RR] 1.47, 95%[CI] 1.29–1.68), and insulin 
resistance (1.64, 95%[CI] 1.44–1.86). Risk factors include female gender, cranial 
irradiation, and older age at evaluation [33, 35]. The dysmetabolic effects of cranial 
irradiation is likely mediated by hypothalamic-pituitary dysregulation of leptin sen-
sitivity and growth hormone deficiency [27, 32, 33]. Although radiotherapy is grad-
ually being omitted from frontline childhood ALL protocols, it has been replaced by 
intensified glucocorticosteroid therapy and extended asparaginase exposure, thus 
replacing one risk factor for MetS by others [32, 36].

Corticosteroids can alter substrate oxidation and energy expenditure by sup-
pressing growth hormone and inducing leptin resistance [27, 32, 37]. L-asparaginase 
reduces insulin secretion and plasma insulin levels while increasing insulin resis-
tance, thereby acting synergistically with corticosteroids. In addition, asparaginase 
can cause acute pancreatitis (AAP) ultimately leading to insulin-dependent diabetes 
(type 3c). In a Nordic ALL cohort of 1285 patients exposed to 30 weeks of pegylated 
asparaginase, 6.8% developed AAP of whom 8% had persisting need of insulin 
therapy at a median follow-up of 4.6 years [38, 39]. In a study from the St. Jude 
Lifetime cohort including 1044 survivors with mean age at follow-up of 33.97 years, 
7.5% were found to have type 2 diabetes mellitus (T2DM) compared to 3.8% in 
matched controls [40]. In that study, body mass index (BMI) ≥30 kg/m2, older age, 
and drug-induced diabetes mellitus during ALL therapy were all associated with 
T2DM.  Since dysmetabolic adverse effects generally emerge early during ALL 
therapy and furthermore are modifiable, they should be targeted throughout therapy 
and follow-up. There has been a lack of randomized clinical trials testing dietary 
and physical interventions to prevent or reduce MetS [41]; however such studies are 
now being performed.

 Puberty and Fertility

In a large US-Canadian study of almost 11,000 5-year survivors of childhood cancer 
treated in 1970–1999 (median follow-up of 8 years (IQR 4–12)) and 4000 sibling 
controls, 38% of survivors reported a pregnancy, and 83% of these reported at least 
one live birth compared to 62% and 90% among siblings, respectively [42]. The 
most significant drugs associated with reduced likelihood of pregnancy were alkyl-
ating agents.

 Male

Cranial irradiation disturbs the hypothalamic-pituitary-gonadal axis and can lead to 
pubertal disturbances, while antileukemic agents, especially alkylators, may cause 
testicular damage with the germinal epithelium being more sensitive than Leydig 
cells [43]. Thus, biopsy studies have found spermatogonia in only 50% of 
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seminiferous tubuli and pathological sperm concentrations in patients with normal 
or only slightly reduced sex hormone levels [44, 45]. The most detrimental effects 
with azoospermia, Leydig cell insufficiency, and need for testosterone replacement 
are seen following direct testicular irradiation in cases of testicular relapse or as part 
of TBI [46]. Cranial irradiation does not seem to cause a higher frequency of oligo-
spermia or azoospermia when compared to chemotherapy only [47].

In survivors treated with chemotherapy only, Leydig cell function is rarely 
impaired, and survivors generally achieve normal puberty [44] with levels of gonad-
otropins and testosterone being similar to those of controls [46]. Cyclophosphamide 
is one of the most gonadotoxic antileukemic agents used; however risk of impaired 
sperm quality is considered to be low in survivors exposed to <8 mg/m2 [46, 47]. 
Survivors treated with high doses of cyclophosphamide and/or testicular radiation 
have small chances of fathering a child unless using stored semen samples. However, 
for the remaining male ALL survivor population, risk of impaired fertility seems to 
be comparable to the background population [48]. According to the International 
Guideline Harmonization Group, survivors treated with one or more potentially 
gonadotoxic agents should be made aware of risk of testosterone deficiency and 
impaired spermatogenesis, those treated with irradiation exposing the testes to 
12  Gy or more should be monitored for pubertal development, and those being 
exposed to cyclophosphamide and/or testicular radiation exposure should be offered 
semen analysis [49].

 Females

In general, female ALL survivors who were premenarchal at diagnosis should 
expect to maintain ovarian function and achieve normal puberty (>90% achieve 
menarche within normal age range) [50, 51], unless exposed to high-dose alkylating 
agents and/or irradiation exposing the ovaries [52, 53].Thus, spinal irradiation with 
exposure of the ovaries and alkylating agents significantly increases the risk of pre-
mature ovarian failure and impaired fertility [54, 55]. One self-report study of fertil-
ity among 182 long-term ALL survivors indicated reduced fertility if treated with 
cranial radiation at any dose around the time of menarche [48]; however, ovarian 
dysfunction was not clinically validated. Two Danish studies examined ovarian 
function 10 years apart in 100 survivors of childhood cancer (47 with ALL) and 
found that survivors in spite of a reduced antral follicle count (AFC) in their mid- 20s 
had a high chance of preserved ovarian function at least until their mid-30s, with 
more than 50% having achieved at least one live birth [56, 57]. However, as survi-
vors generally had significantly lower AFC than age-matched controls, survivors 
may have a shortened reproductive span.

Risks relating to contemporary ALL therapy without spinal irradiation and with 
reduced doses of alkylating agents are more uncertain. Only a few clinical studies 
have investigated ovarian function in post-pubertal survivors treated with chemo-
therapy and no spinal irradiation at pre-pubertal age, finding subtle signs of ovarian 
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insufficiency in some [58] and normal function in others [59]. International guide-
lines recommend systematic evaluations for signs indicating risk of premature 
menopause in post-pubertal survivors treated with potentially gonadotoxic chemo-
therapy and/or irradiation potentially exposing the ovaries [52].

 Bone Morbidity

 Osteoporosis

Although a few, small studies have reported little or no risk of osteoporosis among 
ALL survivors [60, 61], nearly all studies show that bone mineralization density 
(BMD) is frequently reduced. Risk factors include leukemia-related low BMD pres-
ent at diagnosis [27], inadequate diet including lack of D-vitamin and calcium, low 
level of weight-bearing physical activity, intensive glucocorticosteroid and high- 
dose methotrexate exposure, and/or cranial irradiation. If patients fail to achieve 
expected normal peak bone mass during and following cessation of therapy, it is 
likely that reduced BMD and risk of osteoporotic fractures persist throughout life. 
Thus, a large St. Jude Lifetime Cohort study of 845 survivors found osteoporosis 
and osteopenia in 6% and 24%, respectively, at 31 years of age [62]. High-dose 
(≥24Gy) cranial or craniospinal irradiation was the strongest predictor of reduced 
BMD, while the cumulative dose of glucocorticoids was associated with signifi-
cantly lower BMD in female survivors only. Importantly, 67% of those with osteo-
porosis improved by one or more BMD categories over a period of median 8.5 years, 
although the only provided advice consisted of physical activity and vitamin D and 
calcium supplementation. The clinical significance of low BMD has been empha-
sized in a prospective study of 186 ALL patients, finding that 16% had vertebral 
fractures at diagnosis and 26% had at least one low-trauma bone fracture within 
4 years from diagnosis [63]. Significant risk factors predicting low-trauma fractures 
included corticosteroid exposure, low BMD z-score at diagnosis, and vertebral frac-
ture at diagnosis. By 6 years follow-up, nearly 25% of patients had persistent verte-
bral deformity following vertebral fracture, more frequently affecting older children 
and cases with most severe vertebral collapse. Importantly, 23% had no or only 
partial vertebral body reshaping. Adults with vertebral deformity have been shown 
to be at high risk for chronic back pain and reduced mobility, but similar studies 
among childhood cancer survivors are lacking.

 Osteonecrosis

Osteonecrosis (ON) is one of the most common and debilitating toxicities with 
potentially long-term impact on daily function and QoL. A marked rise in the inci-
dence of ON coincided with the introduction of dexamethasone for delayed 
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intensification. The overall incidence of clinical ON is reported as high as 17.6%, 
however with varying frequencies reflecting the proportion of adolescents (who are 
at highest risk), the antileukemic treatment regimens, and also the methodology for 
toxicity capture [64]. Prospective studies including only symptomatic cases report 
incidences of 10–16% among patients aged 10–15  years and 15–20% among 
patients aged >15 years [64]. Of note, the interval between diagnosis of ALL and 
of ON increases with older age [15]. The most common joints affected are knees 
(45–88% of cases) and hips (35–67%), followed by ankles (13–44%), shoulders 
(13–24%), and elbows (3–15%). Affection of multiple joints is seen in 29–90% of 
cases [64]. The underlying pathology of ON is poorly understood but is thought to 
reflect hypoperfusion caused by microvascular clotting (intraluminal obliteration), 
increased marrow pressure (extraluminal obliteration), and direct damage to the 
endothelial and smooth muscle cells in the nurturing arteries, caused by chemo-
therapy agents and systemic inflammation. In addition, chemotherapy, such as glu-
cocorticoids, is thought to have a direct toxic effect on osteocytes and compromising 
normal osteogenesis. The strongest risk factors for ON is female sex and adoles-
cent age, but also occurrence of hyperlipidemia [65], glucocorticoid exposure 
(cumulative dose and exposure time), cranial and gonadal irradiation, and race. 
The significance of obesity, BMI, and leukemic bone infiltration is so far insuffi-
ciently validated [64, 66]. Trials implementing shortening of continuous exposure 
to dexamethasone found a reduced occurrence of ON, however also significantly 
better EFS among the high-exposure patients with high incidence of ON [64]. 
Many ON cases occur after cessation of therapy, not least in the older patients [15], 
but few studies have addressed long-term incidence and impact of ON on QoL 
among childhood ALL survivors. One self-report study among 20-year survivors 
found a cumulative incidence of 0.2% in individuals aged <10 years at diagnosis 
and of 2.8% in patients ≥16 years at diagnosis, compared to 0.03% among siblings 
[66]. Studies among adults with ON indicate that lesions involving ≥30% of the 
articular surface are the most likely to cause joint collapse with need of arthro-
plasty surgery [67]; however long-term follow-up studies among children are 
lacking.

 Teeth

Long-term dental abnormalities such as tooth agenesis, arrested root development, 
microdontia, and enamel dysplasia can occur in as many as 34–94%, not least 
among survivors treated with TBI and/or cranial irradiation and  with age below 
5  years being a significant risk factor [68, 69]. Even very low radiation doses 
(1–3 Gy) can permanently damage ameloblasts and halt tooth development, and 
cranial radiation may also cause craniofacial developmental disturbances due to 
deficient mandibular development. Still, few studies have addressed the long-term 
dental outcome among survivors treated with chemotherapy only. In one study of 
111 survivors not receiving irradiation, 28–45% was found to have microdontia, 

L. Andrés-Jensen et al.



277

disturbed root development, or enamel hypoplasia [70]. Diagnosis at or before 
5  years of age and cumulative doses of anthracyclines >120  mg/m2 (potentially 
reflecting the impact of severe mucositis and altered oral microbiome) were strongly 
associated with more severe dental aberrations, whereas survivors diagnosed with 
ALL above the age of 5 years experienced caries in their permanent dentition.

 Neurotoxicity

 Neurocognitive Effects

Significant proportions (16–50%) of childhood ALL survivors have impaired neuro-
cognitive performance across a range of domains, which is associated with reduced 
chance of educational achievements and employment [71–73]. Neurocognitive 
impairment is predominantly found in non-verbal domains such as attention, visual 
perception, memory, and concept formation, while verbal skills are mostly spared 
[74]. Cranial irradiation has the most significant impact on brain morphology and 
neurocognitive outcome. Although there is a positive correlation between the dose 
of irradiation and degree of neurotoxicity, no lower safe limit has been defined. 
Furthermore, the neurotoxicity is enhanced, when irradiation is combined with neu-
rotoxic chemotherapy, probably reflecting radiation-induced increased blood-brain 
barrier permeability. Even with decreasing use of irradiation, late neurotoxicity is 
reported in up to  10–30% of survivors [74, 75]. A meta-analysis of 10 studies, 
including a total of 509 survivors treated with chemotherapy only, concluded that 
compared to controls, at mean 8 years from diagnosis, survivors had moderate defi-
cits in several neurocognitive domains including working memory, information pro-
cession speed, and fine motor functioning, with intelligence being most affected (IQ 
deficits of 6–8 points) [76]. Neurocognitive performance has rarely been evaluated 
longitudinally; however one study found that the pattern of affected neurocognitive 
domains changed over time and that degree and type of neurocognitive impairment 
at the end of therapy could not predict later impairment [77]. The three most neuro-
toxic chemotherapeutic agents responsible for late neurocognitive deficits are cyta-
rabine, corticosteroids, and methotrexate given intrathecally or as high dose 
intravenously. The exact underlying pathophysiological pathways are not fully 
understood. Animal models have suggested that nucleoside analogs have a presyn-
aptic depressant effect in neuronal tissues in addition to a direct toxic and apoptotic 
effect [74]. Antifolate disruption of normal folate physiology within the CNS causes 
direct neurotoxicity, including demyelination. Younger age at treatment is associ-
ated with Late effects of therapy neurotoxicity Neurotoxicity increased neurotoxic-
ity of both CNS-directed chemotherapy and irradiation, potentially reflecting 
disturbed myelination in the maturing brain [73]. Intrathecal liposomal cytarabine 
could be less neurotoxic than methotrexate [78]. Corticosteroids are thought to exert 
deleterious effects on hippocampus, acting synergistically with the excitatory neu-
rotransmitters which are seen elevated in cases of acute neurotoxicity. 
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Abnormalities are found in up to 78% of survivors, when systematic cerebral 
imaging is performed [74]; however no substantial longitudinal studies exist that 
describe persistence versus resolution over time. Findings include calcifications, 
atrophy, leukoencephalopathy, focal perfusion defects, and changes in glucose 
metabolism. Radiologic findings sometimes parallel histological abnormalities 
including demyelination, necrosis, and astrocytosis and can correlate with cerebral 
spinal fluid biomarkers of brain injury. However, correlations between imaging 
findings and neurocognitive outcome have in general not been found, although one 
study of 190 ALL survivors did find a significant association between screening- 
positive leukoencephalopathy during therapy and poorer neurocognitive perfor-
mance at 5 years follow-up [79].

 Peripheral Neuropathy

Chemotherapy-induced peripheral neuropathy (CIPN), experienced by most 
patients during treatment, is mainly caused by vincristine (VCR), and other antileu-
kemic and supportive care drugs (such as antifungal azoles, increasingly used over 
the last decades) can modulate VCR pharmacokinetics and thus enhance both cen-
tral and peripheral neurotoxicities. VCR exerts its antineoplastic effect by binding 
to mitotic β-tubulin, thereby disrupting mitotic microtubule aggregation in leukemic 
cells, leading to mitotic arrest and cell death. One β-tubulin subtype is found exclu-
sively in neuronal axons, and the neurotoxic effect of VCR stems, in part, from the 
drug binding to these, causing demyelination [80], axonal degeneration, and com-
promised axonal transport [81]. Chemotherapy-induced peripheral neuropathy 
involves both small and large fibers resulting in sensory, motor, and autonomic 
nerve dysfunction. Sensory symptoms include hypo-, hyper-, and paresthesia, ther-
mal hypoesthesia, and neuropathic pain with the affected area presenting with a 
“stocking and glove” type distribution, reflecting how longer axons are affected 
first. Motor dysfunction presents as distal muscle weakness and atrophy, while auto-
nomic nerve dysfunction can result in orthostatic hypotension, constipation, and 
sexual dysfunction. At the time of therapy cessation, around 30% will have clinical 
findings, such as depressed tendon reflexes [82]. With time, symptoms resolve in 
most patients; however persisting neuropathy can be found among survivors even 
years off therapy, and some studies have suggested that CIPN can emerge several 
years after cessation of chemotherapy, known as the coasting effect [83, 84]. Two to 
10 years post therapy, neuropathic symptoms are reported among 30–60% of survi-
vors, while clinical signs of neuropathy are found in 10–41%, nerve conduction 
abnormalities (mixed motor and sensory) in 15–68% [82, 83, 85–89], and both 
clinical and electrophysiological findings in 16% [88]. There seems to be poor cor-
relation between self-reported symptoms and objective findings. Except for the 
association between higher cumulative doses of VCR and risk of long-term CIPN 
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[88], other potential risk factors for CIPN, such as age, gender, and presence of CNS 
leukemia, are not reported consistently. Impact of CIPN on motor performance and 
QoL is present in some studies [85, 86], while absent in others [88, 89], emphasiz-
ing that larger prospective follow-up studies are warranted.

 Cardiovascular Late Effects

Increased risk of long-term cardiac disease, characterized mainly by dilated or 
restrictive cardiomyopathy, increased afterload, and arrhythmia, has primarily 
been associated with anthracycline exposure with cumulative doses ≥300 mg/m2 
[90], although no lower safe dose has been established [91]. Cardiomyocytes have 
limited capacity to regenerate and are thus vulnerable to the cytotoxic effect of 
anthracyclines, which can lead to apoptosis and ventricular wall thinning. Heart 
failure is reported in 1–16% of survivors treated with high-dose anthracyclines, 
although even with the low doses currently used, evaluation of true risk will require 
long- term follow-up [92]. The Swiss Childhood Cancer Survivor Study (CCSS) 
assessed self-reported cardiovascular disease among 511 5-year survivors diag-
nosed between 1976 and 2005 and found an overall odds ratio for cardiovascular 
disease of 1.9 (CI 1.3–2.8) and for heart failure of 13.9 (CI 1.8–107.4), when com-
pared to siblings [93]. In contrast, a recent St. Jude study of 911 30-year survivors 
found cardiomyopathy in only 3%, which was comparable to the rate among com-
munity controls [7], likely reflecting the lower dose of anthracycline exposure in 
that study (mean 105  mg/m2). Importantly, cardiac abnormalities may progress 
with time, not least after higher cumulative doses of anthracycline but also after 
low dose exposure [94, 95]. Additional risk factors for cardiotoxicity include TBI 
(as low as 5 Gy cardiac irradiation), young age at diagnosis, female gender, and 
presence of hypertension, obesity, and endocrinopathies [90]. Potential cardiopro-
tective strategies include continuous anthracycline infusion (versus bolus), but 
long-term validation of the benefit hereof is lacking. Co-administration of the iron-
chelating agent dexrazoxane, which prevents formation of free radicals, has been 
associated with fewer and less severe cardiac abnormalities on echocardiography 
5 years post therapy without compromising EFS and may represent a useful future 
strategy to reduce long-term cardiac morbidity in the subset of children with ALL 
for whom anthracyclines are needed to ensure cure [90]. The antileukemic effect of 
anthracyclines as a single drug is well-established; however it is unclear whether and 
to which extent use of anthracyclines in contemporary multi-drug ALL protocols 
improves outcome. A 2014 Cochrane review found no evidence from randomized 
controlled trials (RCTs) to favor the use of anthracyclines in ALL therapy; how-
ever, as pointed out by the authors, this could be due to low power and short fol-
low-up in the review, and results from ongoing and unpublished RCTs are 
awaited [96].
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 Pulmonary Late Effects

Symptomatic pulmonary late effects, including obstructive and restrictive ventila-
tory defects and impaired diffusion capacity, are rare except following TBI and 
high-dose alkylating agents in the setting of hSCT [97–99]. Patients exposed to 
chemotherapy only have been shown to have slight, subclinical, restrictive ventila-
tory insufficiency, being associated with younger age at treatment and more inten-
sive protocols that include higher cumulative doses of anthracyclines, cytarabine, 
and cyclophosphamide [100]. However, for these survivors, lung function is gener-
ally within normal range [98].

 Immune Reconstitution

Chemotherapy-induced dysfunction of humoral and cellular immune function 
(including leuko-, neutro-, and lymphopenia, hypogammaglobinemia, and abnor-
mal levels of lymphocyte subsets and natural killer cells) is generally thought to 
resolve within 6–12  months from therapy cessation. Some studies have found 
immune deficits several years later; however no larger studies with long follow-up 
exist. Normalization of cell counts occurs before serum immunoglobulin levels, 
reflecting a longer recovery phase for B-cell function [101]. Several studies have 
reported a correlation between younger age at diagnosis and degree of immune 
deficiency during follow-up. A significant proportion of survivors lose pre-existing 
immunity (e.g., against measles, mumps, rubella, VZV) [102]. Revaccination does 
not restore immunity in all; however even subtherapeutic levels of antibodies have 
been shown to offer some protection. There is consensus to revaccinate transplanted 
survivors; however, no international guidelines exist regarding revaccination of 
non-hSCT survivors. An association between chemotherapy-induced microbial dys-
biosis and immune dysregulation has been reported in recent, smaller studies, indi-
cating a role of the microbiome in both impaired immune function and increased 
inflammation [103]. The prevalence of long-term immune deficiencies, not least 
B-cell dysfunction, may increase second to the intensified chemotherapy and wider 
use of immunotherapy [104]. Research assessing long-term outcome will be key to 
the understanding of this field.

 Cellular Aging

In addition to the well-characterized organ-specific late effects, survivors are at risk 
for less uniformly defined conditions including moderate cognitive dysfunction, 
reduced muscle strength, and poor exercise tolerance, resulting in frailty – a state of 
reduced physiological reserve and a predecessor of chronic disease and early death 
[105]. The overall pattern of morbidity in childhood ALL survivors mimics the 
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aging phenotype, however appearing decades before expected among survivors 
[106]. The highly complex aging process at a cellular level is still poorly under-
stood; however nine tentative hallmarks of aging include genomic instability, telo-
mere attrition, epigenetic alterations, loss of proteostasis, deregulated 
nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaus-
tion, and altered intercellular communication [107]. Chemotherapy has been found 
to accelerate aging, through epigenetic alterations, DNA damage, reduced telomere 
length, and cellular senescence [108–110]. Few studies have investigated these hall-
marks in childhood cancer survivors; however, both shortened telomere length, 
senescence, and chronic inflammation (which can both induce and result from cel-
lular senescence) have been reported among childhood leukemia survivors, who 
were found to have a cellular phenotype similar to that observed in controls who 
were two to three decades older [111–113]. There is no gold standard when estimat-
ing age at the cellular level, since this field is still exploratory. However, emerging 
research may uncover shared underlying cellular mechanisms leading to frailty and 
age-related disease across several organs and risk profiles. Such findings could 
facilitate development and testing of interventions (senolytics), aiming to reduce the 
overall treatment-related burden among survivors.

 Leukemia Predisposition

Recent research has identified several germline mutations in genes that play a criti-
cal role in hematopoiesis and lymphoid development, many of which are also fre-
quently somatically mutated in ALL, such as RAS, TP53, PAX5 [114, 115], ETV6 
[116, 117], RUNX11 [118], IKZF1 [119] and DDX41 [120], which align with the 
findings of high subtype concordance in familial cases of ALL [121]. Combined, 
these syndromes may account for 5% of ALL cases, and more are expected to 
emerge in parallel with the growing number of patients being germline DNA 
sequenced and with an increasing understanding of the continuum between germ-
line and acquired mutations.

Several of these syndromes are dominated by their non-malignant phenotype, 
including Down syndrome, ataxia telangiectasia and Nijmegen breakage syndrome, 
Recklinghausen neurofibromatosis, Noonan syndrome, constitutional biallelic mis-
match repair syndrome, and Fanconi anemia, although not all have been diagnosed 
at the time ALL emerges. The most common ALL prone syndrome is Down syn-
drome, accounting for 2–3% of all childhood ALL cases [122]. It has been associ-
ated with excessive risk of acute toxicity [123], including treatment-related 
mortality, but long-term follow-up studies to map their late effects are lacking.

In general, the impact of ALL predisposing germline DNA variants on acute and 
late effects is poorly explored, but a few (TP53, ETV6, and RUNX1) seem associated 
with an increased risk of SMN [124, 125]. Thus, any patient with unusual, severe 
acute toxicities and/or SMN should be explored for an underlying leukemia-prone 
syndrome [126].
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 Common Germline DNA Variants

Multiple variants in germline DNA have been associated with the pharmacology of 
antileukemic agents, including the risk of toxicities [9, 14, 127], but their individ-
ual hazard ratios are generally low (<2.0), the variants are rare, or they lack replica-
tion in independent patient cohorts. Thus, except for TPMT and NUDT15 
homozygous low-activity variants, treatment adaptation according to host DNA 
polymorphisms has so far not been implemented in childhood ALL therapy. As the 
CEP72 TT genotype has been associated with an increased risk of peripheral neu-
ropathy, the St. Jude Children’s Research Hospital is currently exploring if reduced 
VCR dosing in patients with CEP72 TT will reduce their risk of acute and long-
term neuropathy without increasing their risk of relapse (www.clinicaltrials.gov 
ID: NCT03117751).

Furthermore, the international Ponte di Legno Toxicity Working Group is now 
collecting deep phenotypes of several acute toxicities (e.g. osteonecrosis, thrombo-
embolism, and neurotoxicity with many hundreds of cases of each) to associate 
phenotypes with germline DNA variants [14] for which polygenic risk scores may 
identify DNA profiles that define patients for whom future antileukemic therapy 
should be individualized to avoid unacceptable short- and long-term toxicities.

 Patient and Society

Danish population- and register-based studies have shown that compared with the 
background population, survivors of childhood leukemia leave their parental home 
at the same age range as their peers and have similar educational choices and partner 
at the same rate [128–130].

The work situation of parents during and immediately following cancer treat-
ment of their child and the work situation of the childhood cancer survivors are 
significantly affected. Parental socioeconomic status is anticipated to influence edu-
cation and labor market affiliation among childhood cancer survivors the same way 
as in their peers, but no study has thoroughly explored the issue. Bearing this in 
mind, a systematic review of 35 eligible papers revealed that hematological child-
hood cancers had a substantial impact on parent socioeconomic situation including 
disruptions in parental employment, particularly among mothers [131].

Whereas some countries provide full coverage of childhood cancer survivors 
through taxation-based health-care systems (e.g., most European countries and 
Canada), others primarily have a private insurance system (e.g., the USA), which 
may limit access to insurance and health care for adult survivors of childhood can-
cer [132, 133].

Although the social welfare and health insurance system of the surrounding soci-
ety may affect the socioeconomic profiles of childhood ALL survivors, many stud-
ies across different countries have shown significant impact of childhood leukemia 
treatment on long-term socioeconomic outcomes.
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A recent Canadian study, including more than 3900 childhood cancer survivors, 
showed significantly lower earnings compared to the background population [134]. 
In another cohort of 2844 adult survivors or childhood hSCT from the USA, South 
America, Europe, Asia, and Australia/New Zealand, unemployment rates persisted 
to be high at all attained ages [135]. Finally, a nationwide questionnaire study from 
the British Childhood Cancer Survivor Group (~10,000 childhood cancer survivors) 
showed that survivors were less likely to work than a control cohort with an odds 
ratio of 0.89 (95% CI, 0.81–0.98) [136].

 Quality of Life (QoL)

Consensus measures of QoL for survivors of life-threatening disease are difficult to 
establish and furthermore prone to individual perceptions of the imagined future as 
well as the surrounding society’s view on these individuals, which can influence 
both perceptions of and actual relationships, work, income, and daily life. Thus, 
QoL is a construct dwelling on other concepts that has no absolute beginning and no 
end in time or impact. Accordingly, one should observe the QoL critically and be 
cautious not to make too strong conclusions based on the available data. That being 
said, QoL survey studies generally indicate that ALL survivors have worse or equiv-
alent health-related QoL compared with the background population [137]. The 
overall quality of life is typically influenced by treatment protocol and a number of 
phenotypic characteristics in parents and the patient [138].

However, risk factors for poor health-related QoL among childhood ALL survi-
vors, including severity of late effects, disfigurement due to treatment, educational 
problems, and insecurity in establishing intimate relationships, are reported with 
wide variability.

 Conclusion and Future Research

The currently obtained cure rates of 90% or more for childhood ALL are one of the 
most impressive successes of modern medicine, naturally leading to an increased 
focus on late effects. Exploration and prevention of significant treatment-related 
morbidity have become more relevant than ever before. Of equal importance is the 
implementation of a standardized reporting of consensus-defined severe toxici-
ties that will allow an objective comparison of the burden of late effects across treat-
ment protocols, thereby supplementing the traditional objective outcome measures.

Although EFS and OS are quite similar across the ALL study groups, there may 
be wide differences in the distribution of unacceptable acute, persisting, and late 
occurring morbidity. ALL trials generally register acute toxicities to assess the acute 
treatment burden, but with diverse focus on specific toxicities, which may influence 
the reported frequencies. The recent PTWG consensus definitions of relevant 

12 Late Effects of Therapy of Acute Lymphoblastic Leukemia



284

toxicities have simplified and even encouraged a unified capture strategy, allowing 
both powerful association studies, comparisons across treatment strategies, and 
long- term outcome of acute toxicities [13, 14, 139]. These efforts can ultimately 
result in novel treatment strategies with reduced toxicities. However, late effects are 
in general not captured in a consensus-based fashion, if captured at all. Thus, we are 
missing systematic and reliable registration of the long-term sequelae and the true 
chronic burden of treatment when assessing therapy outcome. The first steps toward 
solving this are to create and implement a consensus strategy for outcome analyses 
that integrate persistent, serious toxicities with the traditional cure rate measures. 
Subsequent international consensus on reporting these outcomes will allow reliable 
comparison of diverse treatment strategies, focusing not only on the traditional five 
events and OS but in addition the frequencies of unacceptable toxicities that are 
associated with significant costs for both the individual and society. As a starting 
point, the Ponte di Legno Toxicity Working Group has developed the measure of 
STFS  which can facilitate reliable comparison of the frequency of unacceptable 
toxicities (e.g., osteonecrosis requiring joint replacement or renal failure requiring 
dialysis or kidney transplant) across treatment protocols [21]. The STFS measure is 
now beeing quantified in several large (>1000 patients) cohorts.

Although most long-term survivors can obtain an education, manage a job, and 
establish a family, including having children, many will be burdened by significant 
late effects requiring life-long medical attention. In addition, survivors could be at 
risk of premature aging (e.g., dementia or atherosclerosis), but little is known, since 
almost none was cured just a few decades ago. Thus, there is a need for systematic 
follow-up of the survivors, including identification of risk factors for adverse out-
comes that can be integrated into future individualized therapy.
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Chapter 13
Monoclonal Antibody-Based Treatment 
and Other New Agents for B-Lineage 
Acute Lymphoblastic Leukemia

John C. Molina and Nirali N. Shah

 Introduction

Despite significant advances in the management of B-cell ALL (B-ALL) over the 
last several decades, particularly in pediatric patients where the 5-year overall sur-
vival (OS) reaches 90%, outcomes for the 10–15% with relapsed and refractory 
disease continue to be poor [1]. This is an even greater issue in adults where, with 
aggressive first-line treatment, adults aged 40–59 years or 60–69 years have very 
poor outcomes, with 5-year OS of 24% and 18%, respectively [2]. While the use of 
pediatric-inspired regimens has improved complete remission (CR) rates in younger 
adults, 20–30% will still relapse, following which, the 5-year OS rate is only 
40–50% [3]. The median survival following relapse in adults ranges from 4.5 to 
6 months with 5-year OS rates of 3–10%, and no uniformly accepted standard sal-
vage treatment exists for relapsed ALL [2, 4].

The hallmark for frontline treatment of ALL remains the use of combination 
cytotoxic chemotherapies which improve anti-leukemia efficacy and reduce risk of 
relapse [5]. Nearly all medications used as the current standard of care for ALL 
were developed prior to the 1980s [3]. While advances in the 1990s and early 2000s 
for the sequence, dosing, and combination of cytotoxic therapies significantly 
improved outcomes, novel therapeutic approaches are required to improve out-
comes for pediatric and adult B-ALL patients with relapsed and refractory or high- 
risk disease. Additionally, the toxicity associated with cytotoxic chemotherapy for 
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relapsed B-ALL can be excessive due to prior chemotherapy exposure, particularly 
in older adults [6, 7].

This chapter will provide an overview of monoclonal antibody-based treatment 
for B-ALL with a focus on the new FDA-approved therapies and emerging strate-
gies, including small molecule inhibitors and new cytotoxic drugs being used as 
single agents or in combination with chemotherapy.

 Monoclonal Antibody-Based Treatment

Traditional cytotoxic chemotherapy functions primarily through inhibition of cell 
division and targets rapidly dividing cancer cells while also affecting normal tissue. 
In contrast, targeted therapies seek to optimize antitumor activity while minimizing 
systemic toxicities [6]. Monoclonal antibodies have emerged as one of the most 
promising class of novel, targeted therapeutic agents for the treatment of B-ALL [7].

Antibodies are produced by B lymphocytes to recognize the epitope region of an 
antigen with the fragment antigen binding (Fab) portion of monoclonal antibodies 
designed to recognize a single epitope. Once bound to a specific epitope, the Fc 
region of the monoclonal antibody engages different components of the host 
immune system leading to a targeted response [8]. Since the FDA approval in 1986 
for the first monoclonal antibody, muromonab-CD3 (designed to prevent organ 
rejection after transplant by blocking T-cell function), monoclonal antibodies have 
become the most commonly approved and used cancer immunotherapy method-
ology [9].

Due to the high expression of cluster of differentiation (CD) surface markers on 
lymphoblasts with minimal or no expression on other cells, these antigens serve as 
the ideal monoclonal antibody target for B-ALL cells. As illustrated in Fig. 13.1, 
expression of various CD markers varies by the subtype of B-ALL. The percentage 
of cells expressing individual CD markers is also an important factor determining 
the efficacy of monoclonal antibody therapy [6]. The primary CD targets developed 
for B-ALL are the cell surface immunoglobulins CD19 and CD22 and the fixed 
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Fig. 13.1 Cluster of differentiation (CD) expression and B-cell maturation
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non- glycosylated transmembrane phosphoprotein CD20. The expression of CD19 
and CD22 is fairly homogenously expressed on B lymphocytes with CD20 having 
a more heterogenous expression [10, 11].

Earlier generations of monoclonal antibodies targeting B-ALL CD markers have 
been non-conjugated antibodies that exerted an anticancer effect through three main 
mechanisms [12] (Fig. 13.2):

 1. Antibody-dependent cellular cytotoxicity (ADCC)
 2. Complement-dependent cytotoxicity (CDC)
 3. Interruption of essential cancer cell processes by inhibiting receptors that acti-

vate the signaling pathways required for cell division

ADCC-induced apoptosis is mediated through the recognition of Fc receptors on 
cell-bound monoclonal antibodies by macrophages and natural killer (NK) cells. 
The cross-linking of macrophages and NK cells with monoclonal antibodies bound 
to antigens on the surface of target cells results in the release of cytotoxic agents like 
perforin and granzyme [13, 14]. Alternatively, in CDC, following monoclonal anti-
body binding to membrane surface antigens on the target cell, the complement 
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Fig. 13.2 Overview of monoclonal antibody-based therapy in B-ALL.  Legend: DT diphtheria 
toxin, PBD pyrrolobenzodiazepine dimer toxin, MMAF monomethyl auristatin F
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cascade is activated. This results in activated complement binding to the monoclo-
nal antibodies leading to lysis of the target cell following induction of a membrane 
complex [15].

Due to cellular targets like CD19 and CD22 being internalized upon binding, 
investigators began developing a second class of monoclonal antibodies with anti-
cancer effects  – antibody drug conjugates [16]. These monoclonal antibody and 
chemotherapeutic drug conjugates enhance the efficiency of antibody-based cancer 
cell killing by releasing a potent cytotoxin directly into the target cell [17]. Another 
recent class of medications are bispecific, or bifunctional, antibodies that are 
designed to engage two different target epitopes at the same time in order to func-
tion as T-cell engaging antibodies [18].

Although designed to produce less systemic toxicity, each monoclonal antibody 
with or without a drug conjugate has its own unique side effect depending on its 
target antigen and mechanism of action (see Table 13.1 [19]).

 CD19-Directed Therapy

The human CD19 transmembrane protein is an essential component of the B-cell 
receptor multicomplex, and it is expressed on pre-B-cells through terminal differentia-
tion to plasma cells [20]. It upregulates cell signaling primarily through the P13K and 
RAS pathways, and the expression of CD19 on B-cells is essential for their function 
and the maintenance of B-lineage cells [21]. CD19 is also the most reliable surface 
biomarker for B-cells, and it is present on 90% of pre-B and mature ALL lympho-
blasts [22, 23]. As a result, CD19 is one of the most commonly targeted antigens for 
immunotherapy strategies for the treatment of hematological malignancies [24].

Table 13.1 Examples of unique side effects of monoclonal antibody-based therapies for B-ALL

Target Medications Side effects

CD19 Blinatumomab Cytokine release syndrome (CRS), neurotoxicity, 
hypogammaglobulinemia

Denintuzumab 
mafodotin

Superficial microcystic keratopathy

Coltuximab 
ravtansine

Dose-limiting reversible severe vision changes associated with 
corneal changes

CD22 Inotuzumab 
ozogamicin

Liver toxicity, sinusoidal obstruction syndrome in transplant 
patients

Epratuzumab Seizure, liver toxicity
Moxetumomab 
pasudotox

Capillary leak syndrome, atypical hemolytic uremic syndrome 
(HUS)

CD20 Rituximab Rare cases of severe mucocutaneous reactions, HBV reactivation, 
and progressive multifocal leukoencephalopathy (PML)

Ofatumumab Grade 1 or 2 infusion reactions or infections
CD52 Alemtuzumab Severe neutropenia, CMV viremia

HBV hepatitis B virus, CMV cytomegalovirus
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 Blinatumomab

Blinatumomab is a novel, first-in-human bispecific T-cell engager (BiTE) antibody 
that binds both CD19 and CD3 [25]. It is designed to bring T-cells into proximity 
with B lymphoblasts leading to T-cell activation and a cytotoxic T-cell response 
against CD19-expressing cells [26, 27]. Blinatumomab was first studied in relapsed- 
refractory non-Hodgkin lymphoma (NHL) and chronic lymphocytic leukemia 
(CLL) with early study termination of early phase I NHL trials due to lack of effi-
cacy and neurologic toxicity [28]. The success of subsequent trials in pre-B-cell 
ALL led to FDA approval for blinatumomab in three settings for both pediatric and 
adult patients with ALL: (1) positive minimal residual disease (MRD+) and (2) 
refractory and relapsed (r/r) Philadelphia-negative (Ph−) and (3) r/r Ph-positive 
(Ph+) B-ALL [29–35].

Mechanism of Action

Despite the critical role that T-cells play in the control of tumor growth, the lack of 
Fcγ receptors on T-cells results in the inability of conventional antibodies to recruit 
T-cells after binding target leukemia cells [36]. The bispecific T-cell engager blina-
tumomab is made up of two, unique recombinant monoclonal antibodies – an anti-
 CD19 fragment antigen-binding (Fab) region and an anti-CD3 Fab region – that are 
joined by a glycine-serine linker [27]. By binding CD19 on B-cells and CD3 pri-
marily on cytotoxic CD8+ T-cells (CTLs) [37], blinatumomab is able to engage the 
high cytotoxic potential of T-cells without the need for T-cell receptor (TCR) speci-
ficity, antigen processing and presentation, or major histocompatibility complex 
context [32]. The activation of T-cell by binding both CD19 and CD3 causes the 
release of granzymes and perforin leading to direct leukemia cell death via apopto-
sis, as well as the release of inflammatory cytokines resulting in serial T-cell activa-
tion, expansion, and enhanced B-cell-directed lysis [38].

Treatment-Specific Adverse Effects

Blinatumomab is generally well tolerated with its major therapy-associated toxici-
ties being related to T-cell engagement, cytokine release syndrome (CRS), and 
immune activation [39, 40]. The most common side effects include CRS, neurotox-
icity, and hypogammaglobulinemia:

Cytokine Release Syndrome (CRS) The CRS seen following blinatumomab is a 
similar phenomenon to that seen with chimeric antigen receptor T-cell therapy 
(CAR-T; see CAR T-cell chapter). Symptoms can be mild (fever, malaise, head-
ache, or nausea) to severe (hypotension, hypoxia, renal dysfunction, transamini-
tis) and even life-threatening secondary to pulmonary edema, capillary leak 
syndrome, disseminated intravascular coagulation (DIC), or hemophagocytic 
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 lymphohistiocytosis (HLH) [41]. Like CAR-T, blinatumomab-associated CRS is 
mediated by IL-1 and IL-6 with anti-IL-6 targeted therapy (tocilizumab) being an 
effective strategy to decrease the severity and duration of symptoms [39]. In clinical 
trials, CRS occurred in 15% of the relapsed/refractory patients and 7% of MRD+ 
ALL with only a small percentage being grade 3 or higher [42]. The rate of CRS has 
been shown to be decreased following pretreatment cytoreduction [43].

Neurotoxicity Similar to CAR-T, the neurotoxicity following blinatumomab infu-
sion is felt to be secondary to disruption of the blood-brain barrier by activated 
T-cells [44, 45]. Neurotoxicity was a common occurrence in clinical trial popula-
tions and was seen in 65% of patients with the median onset of 2 weeks following 
infusion. It can occur simultaneously with CRS or asynchronously. The most com-
mon symptoms were headache and tremors with grade 3 or greater (encephalopathy, 
confusion, seizures, speech disorders, coordination or balance abnormalities, and 
cranial nerve deficits) seen in 7–13% in adults and 4% of pediatric patients [41]. 
Unlike CAR-T, prophylaxis with anti-epileptics is not currently recommended 
given the low rate of seizures seen with blinatumomab [33].

Hypogammaglobulinemia As a result of blinatumomab-induced B-cell aplasia, 
hypogammaglobulinemia has been found to occur in 6% of patients, putting indi-
viduals at increased risk of infectious complications. Serial monitoring of IgG 
should be performed and treatment of hypogammaglobulinemia supported with 
IVIG as necessary [33, 46].

Administration

Due to its dose-dependent activity, linear time-dependent clearance, and short half- 
life of 2 h, prolonged exposure to blinatumomab is necessary for effective T-cell 
activation and resulting B-cell depletion [47]. As a result, blinatumomab is given 
through a continuous IV infusion pump for 28  days for enhanced efficacy and 
reduced toxicity followed by a treatment-free period of 2 weeks [33]. It is also rec-
ommended for the first cycle that blinatumomab is started in dose escalation manner 
in order to reduce neurotoxicity and minimize CRS [31–33]. Table 13.2 summarizes 
the dosing and schedules for blinatumomab’s FDA-approved indications [48].

In order to monitor for possible adverse side effects, it is recommended that 
relapsed/refractory patients are observed inpatient for the initial 9 days of treatment 
(through the first 2 days of the dose escalation) before completing treatment as an 
outpatient. For patients who are MRD+, patients should be hospitalized for the first 
3 days of cycle 1. For cycle 2, it is recommended that both relapsed/refractory and 
MRD+ patients are monitored for 2 days inpatient [30, 33]. Patients in the pediatric 
phase I/II trials with a high leukemic burden (i.e., bone marrow blasts >50%) were 
also given hydroxyurea or dexamethasone to decrease the risk of CRS [34].
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Clinical Trial Results

Blinatumomab was approved for adults in the USA in 2014 under the FDA’s 
Breakthrough Designation based on the results of Topp et al.’s single-arm, phase II 
clinical trial (NCT01466179) [32]. This was followed by regular approval in 2017 
following the results of the randomized, phase III TOWER trial (NCT02013167) [33]. 
Pediatric labeling was also granted in 2017 based on the outcomes of a single phase I/
II trial (NCT01471782) [34]. Compared to the adult trials, the CR rate (38.6%) and 
MRD-negative response rate (20%) were inferior to results seen in the adult trials 
[31]. See Table 13.3 for summary of the major blinatumomab trials’ results.

Table 13.2 FDA-approved blinatumomab dosing for pre-B ALL

Weight ≥ 45 kg (fixed 
dose)

Weight < 45 kg (BSA-based 
dose)

CR1 or CR2 with aMRD-positive 
patients (Gökbuget 2018)
   Cycles 1–4

    Days 1–28 28 mcg/day 15 mcg/m2/day (not to exceed 
28 mcg/day)

    Days 29–42 14-day treatment-free 
interval

14-day treatment-free interval

Relapsed or refractory Ph- and 
Ph+ patients (Kantarjian 2017)
   Induction cycle 1

    Days 1–7 9 mcg/day 5 mcg/m2/day (not to exceed 9 
mcg/day)

    Days 8–28 28 mcg/day 15 mcg/m2/day (not to exceed 
28 mcg/day)

    Days 29–42 14-day treatment-free 
interval

14-day treatment-free interval

   Induction cycle 2

    Days 1–28 28 mcg/day 15 mcg/m2/day (not to exceed 
28 mcg/day)

    Days 29–42 14-day treatment-free 
interval

14-day treatment-free interval

   Induction cycle 3–5

    Days 1–28 28 mcg/day 15 mcg/m2/day (not to exceed 
28 mcg/day)

    Days 29–42 14-day treatment-free 
interval

14-day treatment-free interval

   Induction cycle 6–9

    Days 1–28 28 mcg/day 15 mcg/m2/day (not to exceed 
28 mcg/day)

    Days 29–84 56-day treatment-free 
interval

56-day treatment-free interval

CR complete remission, MRD minimal residual disease
aMRD is positive when blasts are ≥ 0.1% by flow cytometry in the bone marrow

13 Monoclonal Antibody-Based Treatment and Other New Agents for B-Lineage…



302

Ta
bl

e 
13

.3
 

B
lin

at
um

om
ab

 tr
ia

ls
 le

ad
in

g 
to

 F
D

A
 a

pp
ro

va
ls

D
es

ig
na

tio
n

St
ud

y
Ph

as
e

N
O

R
R

C
R

 
(C

R
h)

M
R

D
 

R
R

R
FS

M
ed

ia
n 

O
S,

 m
o

C
R

S
(≥

 g
ra

de
 

3)
N

eu
ro

to
xi

ci
ty

(≥
 g

ra
de

 3
)

FD
A

 b
re

ak
th

ro
ug

h
To

pp
 e

t a
l (

20
14

)
II

36
--

69
%

88
%

7.
6 

m
o

9.
8

To
pp

 e
t a

l (
20

15
)

II
18

9
43

%
33

%
 

(1
0%

)
82

%
5.

9 
m

o
6.

1
2%

13
%

R
/R

 P
h-

T
O

W
E

R
(K

en
ta

rj
ia

n 
et

 a
l. 

20
17

)

II
I

27
1

44
%

34
%

 
(1

0%
)

76
%

6-
m

on
th

 
E

FS
 =

 3
1%

7.
7

4.
9%

9.
4%

R
/R

 P
h+

A
L

C
A

N
TA

R
A

(M
ar

tin
el

li 
et

 a
l. 

20
17

)

II
45

36
%

31
%

 
(4

%
)

88
%

6.
7 

m
o

7.
1

0%
7%

M
R

D
+

B
L

A
ST

(G
eo

kb
ug

et
 e

t a
l. 

20
18

)

II
11

3
--

--
78

%
54

%
 a

t 1
8 

m
o

36
.5

2%
13

%

Pe
di

at
ri

c
vo

n 
St

ac
ke

lb
er

g 
et

 a
l. 

(2
01

6)
I/

II
I:

 4
9

II
: 4

4
--

32
%

--
4.

4a
7.

5
6%

4%

A
bb

re
vi

at
io

ns
: 

N
 n

um
be

r, 
O

R
R

 o
ve

ra
ll 

re
sp

on
se

 r
at

e,
 C

R
 c

om
pl

et
e 

re
sp

on
se

, C
R

h 
co

m
pl

et
e 

re
sp

on
se

 w
ith

 h
em

at
ol

og
ic

 r
ec

ov
er

y,
 M

R
D

 R
R

 m
in

im
al

 r
es

id
ua

l 
di

se
as

e 
re

sp
on

se
 r

at
e,

 R
F

S 
re

la
ps

e 
fr

ee
 s

ur
vi

va
l, 

O
S 

ov
er

al
l s

ur
vi

va
l, 

C
R

S 
cy

to
ki

ne
 r

el
ea

se
 s

yn
dr

om
e

a A
m

on
g 

re
sp

on
de

rs

J. C. Molina and N. N. Shah



303

Recent results from the Children’s Oncology Group’s (COG) phase III study 
AALL 1331 found that blinatumomab was superior to standard chemotherapy for 
post-reinduction consolidation prior to hematopoietic stem cell transplantation 
(HSCT) in children and adolescent and young adult (AYA) patients with high and 
intermediate risk in first relapse. The use of blinatumomab resulted in higher rates 
of MRD response (32% vs. 75% after completing one cycle), increased likelihood 
of proceeding to HSCT (43% vs. 70%), improved 2-year disease-free (39% vs. 
54.4%) and 2-year overall survival (58.4% vs. 71.3%) at 2 years, as well as fewer 
and less severe toxicities [49].

Mechanisms of Resistance

Despite its success in the treatment of relapsed/refractory and MRD+ ALL, a large 
proportion of patients treated with blinatumomab remain treatment-resistant; how-
ever, the mechanisms of resistance remain poorly understood. Although less com-
mon than rates seen with CD19 CAR-T, loss of CD19 antigen expression appears to 
be a major mechanism of blinatumomab resistance or cause of relapse following 
blinatumomab.

Multiple mechanisms of antigen loss secondary to CD19-directed therapy have 
been identified, including:

 – Production of a truncated protein with either a nonfunctional or absent trans-
membrane domain seen in acquired mutations in CD19 exons 2–5 [50, 51]

 – Intracellular accumulation of CD19 due to alteration in the chaperone protein 
CD81 [52]

 – Lineage switch from sustained pressure against CD19, seen in patients with 
KMT2A, BCR-ABL1, or ZNF384 fusions [53–57]

Alternatively, CD19 escape may result from the selection of CD19-negative sub-
clones that are able to maintain the ability to proliferate without CD19 expres-
sion [58].

Other proposed mechanisms of blinatumomab resistance include increased ALL 
cell expression of programmed death-ligand 1 (PD-L1) and activation of regulatory 
T-cells [59]. T-cell-mediated cell death may be inhibited by increased PD-L1 
expression on lymphoblasts secondary to the cytokine release with blinatumomab 
exposure [60]. Additionally, by increasing IL-10 production, regulatory T-cells can 
suppress effector T-cell proliferation leading to decreased CD8 T-cell-mediated 
cytotoxic activity against leukemia cells. A lower rate of response to blinatumomab 
has been seen in patients with a higher percentage of regulatory T-cells in the 
peripheral blood [61].
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Future Directions

Given the promising results of blinatumomab leading to its three FDA-approved 
indications, there are ongoing studies looking at combining blinatumomab with 
other therapies to increase its efficacy, as well as investigations looking to incorpo-
rate it as part of frontline therapy.

Several trials are evaluating the addition of the tyrosine kinase inhibitors (TKIs), 
dasatinib and ponatinib, to blinatumomab for the treatment of Ph+ ALL in hopes of 
developing chemo-sparing regimens. Based on retrospective analysis of blinatu-
momab and TKI combinations showing effectiveness and tolerability in relapsed 
Ph+ patients, prospective trials are underway to determine if these drug combina-
tions can be a safe and effective consolidation regimen to bridge MRD+ Ph+ ALL 
patients to allogeneic HSCT [62]. In order to overcome inhibition of T-cell function 
due to upregulation and increased PD-L1 expression on lymphoblasts following 
blinatumomab-mediated cytokine release, several trials are looking to enhance blin-
atumomab with immune checkpoint inhibition (NCT02879695, NCT03160079). 
Initial phase I data has shown that the addition of nivolumab (anti-PD1) or ipilim-
umab (anti-CTLA-4) is safe and tolerable with an ongoing trial looking at combin-
ing one or both drugs with blinatumomab in poor-risk, relapsed, or refractory 
CD19+ B-ALL [63].

Additional trials are also underway to evaluate blinatumomab as part of frontline 
therapy for B-ALL.  In a single-arm, phase II trial, blinatumomab was added as 
consolidation following four cycles of hyper-CVAD in an attempt to increase MRD 
negativity rates while reducing the amount of intensive chemotherapy and associ-
ated toxicities [43]. In the 14 evaluable patients on this study, the combination 
proved safe and effective with a CR rate of 100% and MRD-negative CR rate of 
93%. Based on these results and a 1-year RFS rate of 77% and a 1-year OS rate of 
90%, a current phase III trial is underway (NCT02003222). This randomized NCTN 
trial (E1910) will evaluate the effect on OS of adding blinatumomab for Ph-negative 
B-ALL patients who are MRD-negative following induction and intensification 
chemotherapy. Similarly, in pediatrics, the current phase III, COG study AALL1731 
is investigating blinatumomab with chemotherapy as upfront therapy for subsets of 
children with standard-risk B-ALL and Down syndrome B-ALL (NCT03914625).

 Additional CD19 Targeted Approaches

In addition to blinatumomab and CD19 CAR-T, other agents have been developed 
to utilize CD19 as a targeted approach for the treatment of relapsed/refractory ALL 
but have proved less successful.

Denintuzumab Mafodotin (SGN-CD19A) Denintuzumab is a humanized CD19 
monoclonal antibody drug conjugate linked to monomethyl auristatin F (MMAF), a 
microtubule- disrupting agent. Following binding of CD19 and internalization of 
denintuzumab, MMAF is released and inhibits microtubule assembly leading to 
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G2/M growth arrest and apoptosis [64]. A phase I trial in children and adults with 
pre-B-ALL and aggressive lymphomas (NCT01786096) found a CR rate of 35% in 
B-ALL.  Overall, the drug was well tolerated with the most frequently reported 
adverse events (AEs) being fever, nausea, fatigue, headaches, and superficial micro-
cystic keratopathy requiring steroid eye drop prophylaxis [65]. There are currently 
no active clinical trials in adult or pediatric pre-B-ALL.

Coltuximab Ravtansine (SAR3419) Similar to denintuzumab, coltuximab is 
another antibody drug conjugate with a humanized anti-CD19 antibody this time 
conjugated to maytansin. Once internalized, the active maytansin metabolites func-
tion similar to vincristine with anti-tubulin activity leading to cell cycle arrest and 
apoptosis [66]. A phase I trial in CD19-positive NHL showed clinical activity, but a 
phase II trial (NCT01440179) in pre-B-ALL was terminated early due to limited 
activity compared to other new agents [67, 68].

DT2219 Designed as a bispecific monoclonal antibody targeting CD19 and CD22, 
DT2219 is made up of two sFv subunits that recognize CD19 and CD22 and are 
fused to the catalytic and translocation domains of diphtheria toxin (DT390) [69, 
70]. A phase I/II trial in adults and children older than 12 years (NCT02370160) 
resulted in a complete response in only one of the six patients with pre-B-ALL [71].

 CD22-Directed Therapy

Similar to CD19, CD22 is a transmembrane sialoglycoprotein found on 90% of 
B-ALL cells and mature B lymphocytes, but it is not expressed on non-B lymphoid 
cells, myeloid cells, hematopoietic stem cells, or non-hematopoietic lineage cells 
[11, 72, 73]. On B-cells, CD22 functions as an adhesion molecule for other leuko-
cytes and increases the threshold for antigen/receptor stimulation by acting as a 
negative regulator of calcium channel signaling [10]. CD22 is rapidly internalized 
following antibody binding which allows anti-CD22 antibodies to function through 
several mechanisms including antibody drug conjugates (ADCs), modulation of 
B-cell signaling, and inhibition of proliferation [74]. It is an important target for 
relapsed/refractory ALL since it remains detected in most cases of CD19 antigen 
loss following CD19-directed BiTE (blinatumomab) and CAR-T-cell therapies 
[75, 76].

 Inotuzumab Ozogamicin

Inotuzumab ozogamicin is an FDA-approved ADC for adults with relapsed/refrac-
tory ALL made up of a humanized IgG4 anti-CD22 monoclonal antibody cova-
lently bound to a cytotoxic antitumor antibiotic, calicheamicin [77].
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Mechanism of Action

Following binding of inotuzumab to the CD22 antigen on the surface of leukemia 
cells, the complex gets rapidly internalized by lysosomal vesicles whose acidic 
environment releases the potent antitumor antibiotic calicheamicin [78]. 
Calicheamicin is produced by Micromonospora echinospora, and it induces cell 
death in leukemia cells through its interactions with double-stranded DNA [78, 79]. 
Once liberated from the antibody drug conjugate, the calicheamicin binds the minor 
groove of DNA resulting in DNA cleavage and subsequent apoptosis [80].

Treatment-Specific Adverse Effects

Sinusoidal Obstruction Syndrome (SOS) Also known as veno-occlusive disease 
(VOD), SOS is the most concerning treatment-specific adverse effect seen with ino-
tuzumab, particularly in patients who go on to receive an allogeneic HSCT [81]. 
SOS results from damage to the sinusoidal endothelium and hepatocytes typically 
seen with high-dose alkylating chemotherapy conditioning regimens in transplant. 
Severe VOD can have mortality rates as high as 84% [82]. The pathophysiology of 
SOS associated with inotuzumab is not fully understood but is felt to be secondary 
to direct effect of calicheamicin on sinusoidal endothelial cells similar to what has 
been reported with gemtuzumab, another ADC bound to calicheamicin [83, 84].

In the phase III INO-VATE trial, the incidence of SOS was 13% for any grade 
and 11% for grade 3 compared to <1% in the standard chemotherapy group. The 
median time to onset after the first dose of inotuzumab was 30 days. Risk for VOD 
with HSCT was increased with each cycle of inotuzumab received with a rate of 
29% in patients receiving >2 cycles prior to transplant [85]. The only factor predict-
ing VOD in HSCT transplant patients following inotuzumab was the use of a dual 
alkylator conditioning regimen [82].

Administration

The dosing schedule for inotuzumab is summarized in Table 13.4 [48]. Prior to the 
initial dose of inotuzumab, it is recommended that a combination of cytoreductive 
agents (hydroxyurea, steroids, and/or vincristine) is used for patients with 

Table 13.4 FDA-approved inotuzumab dosing for pre-B ALL

Day 1 Day 8 Day15

Induction

   Cycle 1 (21 days) 0.8 mg/m2 0.5 mg/m2 0.5 mg/m2

   Cycle 2a (28 days)
Consolidationb (28 days) 0.5 mg/m2 0.5 mg/m2 0.5 mg/m2

aInduction may be repeated if patients do not achieve CR/CRi with Cycle 1
bPatients going to allogenic transplant should be limited to 2 cycles, or the fewest number to 
achieve a CR/Cri
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circulating lymphoblasts in order to decrease the peripheral blast count to ≤10,000/
mm3 [82]. The recommended duration of therapy is two cycles for patients planning 
to proceed to HSCT with a potential third cycle if MRD negativity is not achieved 
[81]. Alternatively, for patients not proceeding to transplant, a maximum of six 
cycles is recommended. Patients should be premedicated with a corticosteroid, an 
antipyretic, and an antihistamine and observed for infusion reactions for at least an 
hour following the inotuzumab infusion [82].

Clinical Results

The initial phase I/II trial of inotuzumab had a goal dosing of 1.8 mg/m2 adminis-
tered once every 3 to 4 weeks based on prior data from studies in NHL [86]. Given 
the ORR of 57% but concerns for increased hepatic toxicity, future phase II trials 
utilized weekly doses of 0.8, 0.5, and 0.5  mg/m2 with similar outcomes [87]. 
Inotuzumab was given FDA approval for adults with relapsed/refractory B-ALL in 
August 2017 based on the results from the randomized phase III study of inotu-
zumab ozogamicin versus investigator’s choice of chemotherapy in patients with 
relapsed or refractory acute lymphoblastic leukemia (INO-VATE) which compared 
inotuzumab vs. chemotherapy in first or second salvage [88]. Table 13.5 outlines the 
results of the major inotuzumab trials in adults.

Table 13.5 Selected inotuzumab trials

Trial Study N
ORR 
(%)

CR 
(%)

MRD(-) 
ORR (%)

Median 
OS, mo VOD

Phase I/II
   Kantarjian 

et al. (2013)

R/R B-ALL
Ph+ included

90 58 36 72 6.2 6/90
6/36 
(transplant)

Phase I/II
   DeAngelo 

et al. (2017)

R/R B-ALL
Ph+ included

72 68 32 84 7.4 4

Phase II: InO + 
Chemo
   Jabbour et al. 

(2016)

R/R B-ALL
Ph+ excluded

59 78 59 82 11.0 9/59

Phase II: InO + 
Chemo
   Kantarjian 

(2018)

New 
Diagnosis 
B-ALL
Ph+ excluded

52 98 85 78 2-year OS 
66%

4/52

Phase III: InO 
vs Chemo
   Kantarjian 

et al. (2016)

R/R B-ALL
Ph+ included

326 81vs 29 36 
vs 17

78 vs 28.1 7.7 mo vs 
6.7 mo

11% vs 1%

Abbreviations: CR complete response, InO inotuzumab ozogamicin, ORR overall response rate, 
OS overall survival, R/R relapsed/refractory, ALL acute lymphoblastic leukemia, VOD veno- 
occlusive disease
ORR = CR + CRp + CRI CRi, complete response with incomplete recovery of peripheral blood 
counts; CRp, complete response with incomplete recovery of platelets
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Inotuzumab is not currently FDA approved for children, but two trials are exam-
ining its efficacy in relapsed/refractory patients (phase II COG study AALL1621) 
and in newly diagnosed high-risk B-ALL patients (phase III COG AALL1732). A 
retrospective review of 51 pediatric patients receiving inotuzumab through the 
FDA’s Expanded Access Program showed a CR rate of 67% with 71% of responders 
MRD-negative. However, over 50% of the patients who went on to allogeneic HSCT 
developed VOD which is much higher than the rates seen in adult studies [89]. In 
the ongoing phase II COG study, inotuzumab has been able to achieve a CR/CRi 
rate of 58% in heavily pretreated children and young adults with r/r CD22-positive 
B-ALL, of which 65.4% achieved MRD-negative remission [90].

Mechanisms of Resistance

Multiple steps are required for the inotuzumab to be clinically effective including 
the binding of the antibody drug conjugate to surface CD22 and receptor internal-
ization, hydrolysis of the chemical linker, activation of calicheamicin, and the action 
of calicheamicin on DNA. Additionally, cellular efflux of inotuzumab can affect 
intracellular calicheamicin concentration and decrease efficacy [91]. Similar to the 
antigen loss seen with CD19 and blinatumomab, another mechanism of resistance 
for inotuzumab is downregulation of CD22 which has been reported in patients 
relapsing after treatment [92, 93]. The mechanism of CD22 antigen modulation 
remains poorly understood [94].

Future Directions

Given the success of inotuzumab in relapsed B-ALL, ongoing trials are combining 
the drug with additional therapies and evaluating its use in the frontline therapy in 
order to determine its best use. Active trials of inotuzumab include combination 
with TKIs for relapsed Ph+ ALL (NCT02311998), upfront use in adolescent and 
young adult patients to increase MRD-negative response rate and event-free sur-
vival (NCT03150693), efficacy of lower doses of weekly infusions in relapsed 
patients (NCT03094611), safety/efficacy to eliminate MRD in adult patients 
(NCT03441061), and tolerability/efficacy when combined with hyper-CVAD. There 
is also an ongoing trial combining inotuzumab with blinatumomab in older adults 
with previously untreated ALL in order to evaluate a “chemotherapy-free” regimen 
(NCT03739814).

 Additional CD22 Targeted Approaches

Epratuzumab A humanized non-conjugated monoclonal anti-CD22 antibody that 
is internalized after binding to CD22, epratuzumab functions through CD22 phos-
phorylation, inhibition of proliferation, B-cell activation, and cytotoxicity [74]. It 
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was the first CD22 targeted treatment for children, and an initial COG study 
(ADVL04P2) combining epratuzumab with standard four-drug reinduction chemo-
therapy following CD22+ relapse showed promising results with 7/15 patients 
achieving an MRD-negative remission [95]. A follow-up phase II COG trial, unfor-
tunately, did not show improvement compared to historical controls and no statisti-
cally significant difference with MRD response [96]. Epratuzumab was evaluated in 
adult patients in combination with clofarabine and cytarabine in relapsed or refrac-
tory disease with an overall response rate of 40–52% compared to 17% with chemo-
therapy alone [97]. An international, randomized phase III trial in pediatric patients 
is currently underway studying the addition of epratuzumab to a standard chemo-
therapy backbone (NCT01802814).

Moxetumomab Pasudotox Developed at the National Cancer Institute (NCI) for 
the treatment of ALL, non-Hodgkin lymphoma, hairy cell leukemia, and CLL, mox-
etumomab pasudotox is a murine CD22 monoclonal antibody conjugated to a pro-
tein derivative of Pseudomonas exotoxin A. Similar to inotuzumab, it is designed to 
induce apoptosis following internalization by the leukemia cell and release of the 
exotoxin [98]. Despite evidence of clinical activity in B-ALL in a phase I trial [99], 
its phase II trial was terminated at interim analysis due to a failure of the CR rate to 
meet the stage 1 target. Additionally, serious adverse events occurred in a third of 
patients including capillary leak syndrome and hemolytic uremic syndrome (HUS) 
[100]. There are no clinical trials using moxetumomab for B-ALL currently under-
way. Given the very short half-life of this agent [101], future trials utilizing a con-
tinuous infusion model, akin to blinatumomab, may improve the therapeutic index 
of this agent, and preclinical efforts are underway [102].

 CD20-Directed Therapy

CD20 also serves as a reliable biomarker for B-cell malignancies and is expressed 
in 30–50% of pre-B-ALL compared to 80–90% in mature B-cell or Burkitt-type 
leukemia/lymphoma [103]. It functions as a calcium channel on B-cells that leads 
to upregulation of anti-apoptotic proteins and cell survival [104]. CD20 positivity, 
defined by the NCCN Guidelines as expression of CD20 on ≥20% of ALL blasts, is 
an independent predictor of higher relapse rate and is associated with lower overall 
survival [105, 106]. Three monoclonal antibodies developed to target CD20 expres-
sion and which have been tested in B-ALL include rituximab, ofatumumab, and 
obinutuzumab.

Rituximab First approved in 1997 for adults with NHL, rituximab is a chimeric 
anti-CD20 monoclonal antibody that functions through complement-mediated cyto-
toxicity, antibody-dependent cellular cytotoxicity, apoptosis induction, and 
increased chemotherapy sensitivity following its binding to CD20-positive cells 
[107]. Rituximab is one of the most studied immunotherapies, and its low toxicity 
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profile makes it an ideal treatment for elderly patients or individuals unable to toler-
ate aggressive treatments [108]. Rituximab has limited activity when used as a 
monotherapy. Due to its inability to cross the blood-brain barrier, it is also not used 
to target CNS disease [109]. This has led investigators to incorporate it with stan-
dard chemotherapy regimens.

The addition of rituximab to standard or modified hyper-CVAD regimens in 
newly diagnosed, Ph-negative, CD20+ pre-B-ALL patients resulted in significantly 
improved 3-year CR rates (38% to 70%) and OS rates (47% to 75%) in patients 
<60 years old [110]. The German Multicenter Study Group for Adult ALL (GMALL) 
also showed increased rates of continuous CR at 3 years, OS, and MRD negativity 
in patients <55 years when added to a standard BFM-based regimen [111]. Following 
these trials, the Group for Research on Adult Acute Lymphoblastic Leukemia 
(GRAALL)-2005/R randomized study analyzed the benefit of adding rituximab to 
pediatric-inspired chemotherapy backbone of patients with CD20+ B-ALL.  The 
addition of rituximab improved the 2-year EFS from 52% to 65% and the OS from 
64% to 71% [112]. Based on the observation of CD20 upregulation during induc-
tion therapy, the more recent UKALL14 trial (NCT01085617) randomized 655 
patients between 25 and 65 years of age to receive the addition of four doses of 
rituximab during standard induction therapy regardless of Ph status or CD20 expres-
sion [113]. In contrast to the GRAALL-2005/R study which gave rituximab during 
all phases of treatment for a total of 16–18 infusions, the addition of 4 infusions 
during induction did not lead to a statistically significant benefit. In addition to con-
cluding that 16–18 doses may be required to achieve the full benefit of rituximab, 
the researchers found no difference in outcomes based on Ph status or CD20 expres-
sion level which suggests the GRAALL-2005/R results may be generalizable to all 
patients with B-ALL [113].

Data remains inconclusive for the benefits of adding rituximab to Ph-positive 
disease, and the observation of CD20 upregulation during induction therapy may 
prompt future trials looking at the benefit of adding rituximab for patients with a 
low CD20 expression at baseline [114].

Ofatumumab Ofatumumab is a second-generation anti-CD20 humanized, mono-
clonal antibody that was approved in 2009 for the treatment of CLL [115]. Its bind-
ing site is different from rituximab, instead targeting a membrane proximal small 
loop epitope on the CD20 molecule. Compared to rituximab, ofatumumab has more 
potent complement-dependent cytotoxicity and antibody-dependent cell-mediated 
toxicity but less direct cytotoxicity [116]. A phase II trial of 65 patients combining 
ofatumumab with hyper-CVAD for newly diagnosed pre-B CD20+ ALL patients 
was found to be highly effective, regardless of CD20 expression. The combination 
therapy resulted in a CR rate of 98% with MRD negativity in 93% and an estimated 
2-year OS of 81% [117].

Obinutuzumab Like ofatumumab, obinutuzumab is another novel anti-CD20 
humanized, monoclonal antibody that was engineered to have increased antibody- 
dependent cellular cytotoxicity cells compared to rituximab and ofatumumab 
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through its enhanced binding affinity to the FcγRIII receptors on immune effector 
[116, 118]. Obinutuzumab is FDA approved for CLL and has been shown to be 
effective against B-ALL in preclinical studies with increased cell death [119]. No 
clinical trials in B-ALL have been carried out to date.

 Other Pre-B-ALL Monoclonal Targets

Due to varying degrees of CD expression on B-ALL, additional antigen targeting has 
been or is actively being trialed in B-ALL including CD38 (daratumumab/isatux-
imab) (Clinicaltrials.gov NCT03384654/NCT03860844), CD52 (alemtuzumab [120, 
121]), and CD33 (gemtuzumab ozogamicin) monoclonal antibodies for those cases 
with aberrant myeloid expression [122, 123]. A summary is provided in Table 13.6.

 New Cytotoxic and Non-immunomodulatory Agents 
for B-Lineage ALL (Fig. 13.3)

 Cytotoxic

While recent research and drug development has focused primarily on new antibody 
and small molecule chemotherapeutic agents, several novel cytotoxic agents have 
been studied as single agents or in combination with standard chemotherapy. There 
has also been the development of new formulations of established chemotherapy 
agents to improve efficacy and decrease toxicity.

Clofarabine Designed to overcome dose-limiting toxicities of cladribine and 
fludarabine, clofarabine is a second-generation purine nucleoside analog. 
Clofarabine inhibits DNA synthesis and repair through DNA polymerase and ribo-
nucleotide reductase inhibition more effectively than cladribine and fludarabine. 
The drug also disrupts the mitochondrial membrane of leukemia cells that results in 
the release of cytochrome C and caspase leading to the apoptosis [124, 125]. 
Clofarabine was FDA approved in December 2004 through the Orphan Drug 
Program as a single agent for the treatment of relapsed/refractory pediatric B-ALL 
up to the age of 21 years who have received two prior lines of therapy [126, 127].

Additional clinical studies have evaluated clofarabine in combination with stan-
dard chemotherapies [128, 129]. Based on promising results from a phase II study 
utilizing clofarabine in patients with relapsed/refractory ALL [129], a prospective 
phase III study was initiated in newly diagnosed very high-risk B-ALL patients up 
through the age of 30 years (COG AALL1131). In this trial, following modified 
BFM induction, patients were randomized to one of the three arms for consolida-
tion, one of which included cyclophosphamide, etoposide, and clofarabine. 
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Ultimately, this regimen proved to be unacceptably toxic with higher rates of infec-
tion and more prolonged cytopenias over the two other consolidation arms (cyclo-
phosphamide, cytarabine, mercaptopurine (standard arm) and cyclophosphamide, 
etoposide, vincristine, and pegaspargase (experimental arm 1)), and this arm was 
permanently closed to accrual following planned safety analysis and despite an 
amendment to incorporate a dose de-escalation [130]. In adults, the phase II 
GIMEMA LAL 1610 protocol studied the combination of clofarabine and cyclo-
phosphamide as first salvage for Ph-negative patients that showed a median overall 
survival of 6.5 months and disease-free survival of 3.7 months [131].

Bortezomib/Carfilzomib/Ixazomib (Proteasome Inhibitors) The proteasome is 
responsible for the degradation of cellular proteins and plays an important role in 
cell survival and signaling. It was hypothesized that leukemia cells may be sensitive 
to proteasome inhibition due to increased protein turnover [132]. In particular, it has 
been shown that the deregulation of nuclear factor kappa-B (NF-κB) protects cells 
from apoptosis, and its inhibition by proteasome inhibitors (bortezomib,  carfilzomib, 
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Fig. 13.3 Overview of new cytotoxic and non-immunomodulatory agents for B-ALL. Legend: 
DNMT DNA methyltransferase, HDAC histone deacetylase, CDK cyclin-dependent kinase, mTOR 
mammalian target of rapamycin, MEK mitogen-activated protein kinase kinase, BCL-2 B-cell 
lymphoma 2
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and ixazomib) can both increase apoptosis of leukemia cells and increase sensitivity 
of malignant cells to other antitumor agents [133].

Bortezomib is a reversible 26S proteasome inhibitor shown to be effective in 
combination chemotherapy but not as a single agent [134–136]. The pediatric phase 
II trial COG AALL07P1 added bortezomib to reinduction therapy that showed over-
all CR2 rates of 63% for very early relapse (<18 months from diagnosis) and 72% 
for early relapse (18–36 months), but results were not statistically different com-
pared to historical controls [137, 138]. Similar investigations are ongoing for adult 
patients as well as trials looking at combination of bortezomib with other classes of 
medications, including histone deacetylase (HDAC) inhibitors.

Carfilzomib is structurally and mechanistically different from bortezomib and 
has shown less reactivity against non-proteasomal proteases with increased levels of 
proteasome inhibition compared to bortezomib [139, 140]. Current trials are look-
ing at the tolerability of carfilzomib in combination with hyper-CVAD 
(NCT02293109) and reinduction regimens for refractory B-ALL (NCT02228772). 
Ixazomib is the only orally administered proteasome inhibitor with ongoing phase I 
trials looking at its use with combination chemotherapy (NCT02228772).

Marqibo (Vincristine Sulfate Liposome) Vincristine is an integral component of 
standard B-ALL regimens with a well-defined mechanism of action and anticancer 
activity. The efficacy of vincristine increases based on the time of exposure and 
fraction of leukemia cells in mitosis at the time of delivery [2]. Unfortunately, dose 
intensification is often limited due to increased neuropathy [141]. The COG study 
AALL0433 looked to compare standard versus increased vincristine dosing in late 
bone marrow or very early isolated central nervous system relapse in pediatric 
B-ALL, but randomization was closed 3  years into the study due to excessive 
peripheral neuropathy in the experimental arm [142]. As a result, although the rec-
ommended dose of vincristine is 1.5–2 mg/m2, dosing is typically capped at 2 mg to 
prevent severe vincristine-induced peripheral neuropathy resulting in the majority 
of adults and some pediatric patients receiving suboptimal dosing [2].

Marqibo, vincristine sulfate liposome injection (VSLI), is a sphingomyelin−/
cholesterol-based liposome-encapsulated formulation designed to increase the thera-
peutic index of vincristine. By using liposome encapsulation, exposure to the drug 
can be prolonged at increased doses without increasing dose-limiting toxicities [141]. 
Based on phase II data from the RALLY study, Marqibo was given accelerated FDA 
approval in September 2012 for use in adult patients with Ph-negative B-ALL in 
second or greater relapse (2.25  mg/m2 weekly, without dose capping). The trial 
resulted in a CR (CR + CRi) rate with single-agent VSLI of 20% with a median dura-
tion of CR of 23 weeks [143]. A phase I trial in pediatric patients showed tolerability 
at the FDA-approved dose [141], and results from a pediatric trial looking at replac-
ing standard vincristine in reinduction combination chemotherapy for children with 
relapsed/refractory ALL are forthcoming (Clinicaltrials.gov NCT02879643).

Calaspargase L-Asparaginase is a critical part of the upfront chemotherapy back-
bone for pediatric B-ALL, and it is often given in its pegylated form, pegaspargase 
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[4]. Pre-B-ALL cells are unable to synthesize adequate amounts of L-asparagine 
needed for DNA, RNA, and protein synthesis, and L-asparaginase depletes extracel-
lular sources ultimately leading to cell death [144]. Calaspargase pegol is a newer 
formulation that uses a different linking molecule to increase hydrolytic stability and 
drug half-life compared to pegaspargase [145]. Based on the results of DFCI ALL 
Consortium Protocol 11-001, calaspargase was granted FDA approval in December 
2018 as a component of multi-agent chemotherapy for pediatric patients up to the 
age of 21  years. Compared to pegaspargase given every 2  weeks, calaspargase 
administered every 3 weeks resulted in a similar EFS, OS, and safety profile [146]. 
No adult trials to date have examined the use of this formulation of L-asparaginase.

 Epigenetic Modifiers

Epigenetic modification of gene expression can lead to transcriptional silencing of 
tumor suppressor genes and play a critical role in the malignant transformation of 
leukemia [147]. Epigenetic regulators, like histone deacetylase (HDAC) and DNA 
methyltransferase (DNMT) inhibitors, function to alter gene expression and the 
malignant phenotype and can help restore the chemosensitivity of relapsed B-ALL 
[148, 149].

HDAC Inhibitors (Vorinostat, Panobinostat) The deacetylation of histones results 
in a closed chromatin structure leading to the suppression of gene transcription and 
expression, including tumor suppressor genes. HDACs have been found to be both 
overexpressed and mutated in leukemia cells. By modifying gene expression, 
HDAC inhibitors can block proliferation, induce cell cycle arrest and apoptosis, and 
lead to cell differentiation [150]. The FDA-approved pan-HDAC inhibitors vorino-
stat and panobinostat are actively being studied in ALL in combination with DNA 
methyltransferase inhibitors and standard cytotoxic chemotherapeutic agents. 
Despite the role that HDACs play in numerous cell processes and the potential for a 
wide range of off-target effects, the side effect profile of HDAC inhibitors has been 
tolerable so far and includes gastrointestinal, neurological, and hematologic toxici-
ties, as well as asymptomatic ECG changes [151].

DNMT Inhibitors (Azacitidine/Decitabine) DNA methylation is another major 
contributor to epigenetic modification, and DNA methyltransferases (DNMTs) have 
been found to be overexpressed in leukemia leading to tumorigenesis [152, 153]. 
5-Azacytidine (azacitidine) and 5-aza-2′-deoxycytidine (decitabine) are cytosine 
analogs that once incorporated in the DNA lead to the depletion of DNMTs. This 
results in hypomethylation of DNA and induction of DNA damage [154]. Due to 
superior therapeutic outcomes, DNMT inhibitors are frequently combined with 
HDAC inhibitors that are known to increase DNMT1 acetylation and decrease the 
total DNMT1 protein [155]. Although most actively studied in AML, evaluations in 
B-ALL are warranted.
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 Other Targetable Pathways

Recently, the growing genomic landscape of B-ALL has led to the characterization 
of novel subtypes of ALL with various genetic alterations known to disrupt impor-
tant cellular pathways including hematopoietic development, cell signaling or pro-
liferation, and epigenetic regulation [156]. As a result, numerous targetable genes 
have been identified as potential therapeutic options for both established and emerg-
ing classes of medications with BCL-2 being the most studied to date.

BCL-2 Identified over 40 years ago in B-ALL, the oncogenic protein B-cell lym-
phoma 2 (BCL-2) blocks apoptosis and plays a key role in transformation of neo-
plastic cells to malignant cancers [157]. Unlike other oncogenic proteins that 
mediate cell growth and proliferation, BCL-2 dysregulation allows survival of cells 
by altering pro-apoptotic and anti-apoptotic intracellular signals [158]. With higher 
expression than normal B-cell, ALL cell lines with high BCL-2 expression are asso-
ciated with slow response to treatment [159]. Navitoclax, a dual BCL-2/BCL-xL 
inhibitor, showed incredible preclinical efficacy in B-ALL, but thrombocytopenia 
and neutropenia proved to be dose-limiting toxicities [160, 161]. Due to the impor-
tance of BCL-xL as a pro-survival mechanism for megakaryocytes and platelets, the 
selective BCL-2 inhibitor venetoclax was developed with efficacy in both AML and 
ALL [162–164]. There are currently 13 active trials in adult and pediatric patients 
looking at the activity of venetoclax in pre-B-ALL in both relapsed and refractory 
patients and as potential frontline therapy in older patients. Preclinical data also 
supports a role for venetoclax in patients with hypodiploid ALL, warranting further 
study in this high-risk subgroup [165].

In addition to the ongoing trials looking into the use of BCL-2 inhibitors in pre-
B- ALL, other targeted pathways have also been studied in relapsed and refractory 
disease including mTOR inhibitors (rapamycin, everolimus, temsirolimus), RAS 
pathway (selumetinib), NEDD8 inhibitor (pevonedistat), and CDK4/6 inhibitors 
(palbociclib, ribociclib). These trials are summarized in Table 13.7.

mTOR Pathway The activation of the pro-survival pathway PI3K/AKT/mTOR 
pathway provides relapsed ALL with a survival and proliferation advantage [5]. The 
PI3K/AKT/mTOR pathway is a major regulatory pathway of cell growth and sur-
vival and cellular metabolism and has been shown to be constitutively active in 
multiple malignancies, including B-ALL [166]. Despite the track record of mTOR 
inhibitors in solid tumors and promising preclinical data in B-ALL [167], the trials 
looking at the use of rapamycin, everolimus, and temsirolimus in relapsed ALL 
have demonstrated limited efficacy and raised concern for excessive toxicity 
[168–170].

RAS Pathway Similar to the PI3K/AKT/mTOR pathway, the RAS/Raf/MEK/ERK 
(MAPK) pathway provides relapsed ALL a survival and proliferation, as well as a 
migration, advantage [171]. Mutations in the MAPK pathway are highly prevalent 
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in relapsed ALL and have been shown to be associated with high-risk features and 
dismal prognosis [172, 173]. Currently, the MEK inhibitor selumetinib is being 
investigated in a phase I/II trial in combination with dexamethasone (SeluDex) in 
pediatric patients with relapsed/refractory RAS pathway mutated ALL 
(NCT03705507).

CDK-Rb Pathway Another therapeutic strategy is to inhibit the cyclin-dependent 
kinase-retinoblastoma (CDK-Rb) pathway which leads to loss of cell cycle control 
and unrestrained growth when in various malignancies [174]. Currently, trials are 
studying the effects of CDK4/CDK6 kinase inhibitors palbociclib and ribociclib as 
part of combination therapies. Of particular interest is KMT2A-rearranged infant 
ALL as the KMT2A fusion proteins activate CDK6 and drive its proliferation [175].

NEDD8 A form of posttranslational modification, the addition of the ubiquitin-like 
protein NEDD8 is required for two DNA repair pathways. The process of ned-
dylation is regulated by various tumor suppressor genes and oncoproteins, namely, 
VHL, p53, and MDM2, and its inhibition can lead to deficient DNA repair, accumu-
lation of DNA damage, and eventual cell death [176]. The addition of pevonedistat 
to a standard ALL induction regimen is currently being studied in relapsed/refrac-
tory B-ALL (NCT03349281).

 Conclusion: The Future of B-ALL Therapy

The development of monoclonal antibodies for the treatment of B-ALL has led to 
improved outcomes in pediatric and adult patients, particularly in the relapsed/
refractory setting. Similar to improvement in EFS and OS in the 1990s and early 
2000s with modifications of the sequence, dosing, and combination of cytotoxic 
B-ALL therapies, attention must be turned to how emerging monoclonal, cytotoxic, 
and small drug therapies can be optimally combined with or without chemotherapy 
in both the relapsed/refractory and frontline treatment settings [17].

Ideally, integrating highly active agents like blinatumomab and inotuzumab in 
the frontline setting could lead to the reduction of intensive chemotherapy and 
decreased treatment-related mortality while maintaining or even improving treat-
ment efficacy. Long-term studies will also need to evaluate the role HSCT plays in 
the management of different patient cohorts if similar OS can be achieved through 
the addition of novel therapeutic agents alone [17]. Given the emergence of CAR-T 
therapies for B-ALL, the proper sequence of these therapies must be further inves-
tigated as sequential targeting of single antigen can modulate antigen expressivity 
and effect of subsequent treatment with agents against the same antigen [177].

With monoclonal antibodies being approved at twice the rate of other new thera-
pies, one can expect for the emergence of newer generations of targeted agents 
increasing the options available for B-ALL patients [178].

13 Monoclonal Antibody-Based Treatment and Other New Agents for B-Lineage…
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Chapter 14
New Agents for the Treatment of T-Cell 
Acute Lymphoblastic Leukemia

Sunil S. Raikar, David T. Teachey, and Nathan P. Gossai

 Introduction and Overview of the Treatment of T-Cell Acute 
Lymphoblastic Leukemia

The prognosis for children with acute lymphoblastic leukemia (ALL) has improved 
significantly over the past 50 years. ALL is often divided based upon immunophe-
notype into B-cell acute lymphoblastic leukemia (B-ALL) and T-cell acute lympho-
blastic leukemia (T-ALL). Outcomes for children with B-ALL have historically 
been superior to T-ALL [1]. Yet, with modern chemotherapy backbones that include 
risk-stratified therapy, outcomes are similar. While comparable chemotherapy regi-
mens have been used to treat T- and B-ALL, they are biologically distinct and have 
a different kinetic pattern of minimal residual disease (MRD) response [1]. Unlike 
in B-ALL, where treatment can be risk stratified based on several clinical variables 
as well as cytogenetic features, MRD response remains the driving prognostic 
determinant in T-ALL [1]. While outcomes for de novo T-ALL patients have 
improved, some patients relapse, and these patients often do not survive [2]. 
Systematic screening of T-ALL genomes by high-resolution copy number arrays 
and next-generation sequencing technologies has improved understanding of T-ALL 
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biology, providing novel attractive targets for therapy [3]. This review will outline 
our current understanding of T-ALL biology and describe the prospects for novel 
therapeutics.

 Overview of the Biology of T-ALL

Over the past two decades, significant advances have been made in the understand-
ing of biological mechanisms in T-ALL through genomic and transcriptomic analy-
ses, identifying numerous signaling pathways that can potentially be targeted with 
novel agents [4–7]. T-ALL is a molecularly heterogeneous disease, and unique gene 
expression signatures are associated with T-ALL subgroups reflecting different 
stages of thymocyte developmental arrest [8]. Unfortunately, classifying T-ALL 
based on developmental stage has not had prognostic significance with modern che-
motherapy regimens [1]. More recently, early T-cell precursor (ETP)-ALL was 
identified as a unique subgroup of T-ALL with a distinct molecular profile, with 
more similarities to myeloid disease compared to non-ETP T-ALL cases [9]. Several 
early studies showed that ETP-ALL had inferior outcomes compared to non-ETP 
T-ALL [10–12]. However, data from the Children’s Oncology Group (COG) 
AALL0434 study demonstrated that while ETP-ALL had higher rates of induction 
failure, survival rates were excellent and comparable between ETP-ALL and non-
ETP T-ALL groups [13].

The spectrum of genetic abnormalities seen in T-ALL is vast and diverse [3, 7, 
8]. The various molecular pathways involved in T-ALL pathogenesis are reviewed 
in depth in this text by Dr. Adolfo Ferrando in the chapter entitled “Molecular 
Pathways and Targets in T Cell ALL.” Here, we give a brief overview of the numer-
ous genetic defects seen in T-ALL. One type of genetic abnormality seen includes 
chromosomal translocations of T-cell receptor genes, while another includes genetic 
mutations resulting in the aberrant expression of T-cell-specific transcription factors 
functioning as proto-oncogenes, thus leading to T-cell leukemogenesis [3, 8]. The 
proto-oncogenes most commonly overexpressed are TAL1, TAL2, LYL1, BHLHB1, 
LMO1, LMO2, TLX1, TLX3, NKX2-1, NKX2-2, HOXA, MYC, and MYB [3, 8]. 
Advanced sequencing techniques have now identified over a 100 genes that can be 
mutated in T-ALL [3, 7]. However, only two of these, NOTCH1 and CDKN2A/B, 
are mutated in more than half of the cases [3, 8]. Notch1 signaling plays a critical 
role in the hematopoietic system and is crucial for normal T-cell development. 
Constitutive activation of the Notch1 signaling pathway represents the most com-
mon oncogenic event in the pathogenesis of T-ALL. This often occurs in combina-
tion with the loss of the CDKN2A/B locus, which encodes three tumor suppressor 
genes, p14ARF, p15INK4B, and p16INK4A, and plays a critical role in cell cycle regula-
tion. Further, common mutations seen in T-ALL may involve genes encoding cell 
cycle regulators RB1 and CDKN1B, as well as alterations in signaling pathways 
such as Jak/Stat, MAPK, BRD4/MYC, PI3K/Akt/mTOR, and BCL-2 that are 
potentially targetable [8, 14]. One study showed the IL7R-JAK pathway was 
mutated in 27.7% of cases [15]. JAK3 is frequently mutated (16.1%), and the 
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majority of JAK3 mutations identified in T-ALL have been confirmed as activating 
mutations [9, 16]. None of these alterations have been demonstrated to be prognos-
tic independent of MRD response [15].

A recent large extensive genomic study of 264 children and young adults with 
T-ALL, as part of the Therapeutically Applicable Research to Generate Effective 
Treatments (TARGET) initiative, confirmed the genetic and molecular heterogene-
ity of this disease [7]. Using an integrated genomic analysis of whole exome 
sequencing (WES), copy number analysis, and RNA sequencing (RNAseq), they 
identified 106 potential oncogenic driver genes, half of which had not been previ-
ously described in childhood T-ALL [7]. They identified 83 different fusion events, 
54 of which were from interchromosomal rearrangements, while the remaining 29 
were from intrachromosomal events. The most common genes involved in translo-
cations were MLLT10, KMT2A, ABL1, and NUP98. On average, 15.8 mutations per 
case were seen with a range from 2 to 50. Further analysis identified ten different 
functional pathways that were recurrently mutated in T-ALL (Fig. 14.1) [7, 17]. 
Mutations were seen in pathways involved in transcriptional regulation (91% of 
cases), cell cycle regulation and tumor suppression (84%), Notch1 signaling (79%), 
epigenetic regulation (68%), PI3K/Akt/mTOR signaling (29%), Jak/Stat signaling 
(25%), Ras signaling (14%), ribosomal function (13%), ubiquitination (9%), and 
RNA processing (9%) [7, 17]. This study was limited by analytic restrictions as only 
patients who had banked diagnostic and remission samples were analyzed. Thus, 
patients with refractory disease, which represents a high-risk subset, were excluded 
from analysis. Additionally, whole genome sequencing (WGS) was only performed 
on a small number of cases (n = 25) [7]. A number of recent studies, although small 
in sample size, have demonstrated the importance of genomic alterations in noncod-
ing regions in T-ALL pathogenesis [18–21]. For example, three recent papers dem-
onstrated multiple mechanisms of activation of the TAL1 proto-oncogene in T-ALL 
by genomic alterations in noncoding regions [18–21]. These included mutations in 
the TAL1 structural loop that can create super-enhancers, deletions of sequences in 
the CTCF-binding sites in the TAL1 structural loop that allows an enhancer on an 
adjacent structural loop to activate TAL1, and an acquired interchromosomal inter-
action between cis-regulatory elements that can activate TAL1 [19–21].

In the sections below, we will further discuss the various signaling pathways 
involved in T-ALL pathogenesis, describe potential newer approaches to targeting 
T-ALL, and review the current state of novel agents and ongoing clinical trials in 
this disease. A complete summary of these agents is presented in Table 14.1.

 Review of Novel Agents by Type/Class

 Notch

Notch proteins are highly conserved transmembrane receptors that regulate cell fate 
choices during the development of cell lineages, and the Notch1 pathway plays a 
critical role in multiple steps during T-cell development [22–24]. Furthermore, 
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NOTCH1 was first identified in a gene involved in chromosomal translocations with 
the TCRB gene in a subset of cases of human T-ALL [22]. NOTCH1-induced 
T-ALLs require persistent Notch1 signaling for growth and survival [25]. More than 
50% of human T-ALLs, including tumors from all major molecular oncogenic sub-
types, have activating mutations that involve the extracellular heterodimerization 
domain and/or the C-terminal PEST domain of NOTCH1 [4]. The high prevalence 
of NOTCH1 mutations in T-ALL and the dependence of T-ALL cases on Notch1 
pathway activation for unrestricted proliferation render this protein an excellent 
candidate for pharmacological intervention with gamma-secretase inhibitors (GSIs), 
which inhibit Notch activation [26]. T-ALL NOTCH mutations lead to upregulation 
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Fig. 14.1 Estimated frequencies of specific genetic subtypes of childhood T-ALL. The pie charts 
depict the estimated frequencies of each subtype among T-ALL patients who were studied as part 
of the TARGET initiative and treated in COG studies [7]. T-ALL cases were further divided based 
on the dysregulation of targetable functional pathways (outer ring). Subtypes are groups based on 
5-year survival in low-risk, intermediate-risk, and high-risk categories: over 90%, 70% to 90%, 
and less than 70% event-free survival (EFS) in T-ALL, respectively. Of note, the EFS for T-ALL 
patients treated on the AALL0434 trial [128] that is used for risk grouping in this figure is superior 
to that found in most other published studies. Figure from Teachey DT, Pui CH. Lancet Oncol. 
2019;20(3):e142–e154 [17]
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Table 14.1 Novel agents for the treatment of T-ALL

Target Type of treatment Available agents Clinical trials in T-ALL

Notch γ-Secretase inhibitors
Soluble notch proteins
Mastermind inhibiting 
peptides

MK-0752, 
LY3039478, 
BMS-906024
In development, 
preclinical only
In development, 
preclinical only

NCT00100152, 
NCT02518113, 
NCT01363817

Jak/Stat Jak inhibitors
Stat inhibitors

Ruxolitinib, 
tofacitinib, 
peficitinib
Pimozide

NCT03613428, 
NCT03117751

MAPK/Ras MEK inhibitors
Farnesyltransferase 
inhibitors
Kv1.3 inhibitors

Selumetinib, 
trametinib, 
cobimetinib
Tipifarnib
PCARBTP

NCT03705507

PI3K/Akt/mTOR PI3K inhibitors
mTOR inhibitors
Akt inhibitors
mTORC1/2 inhibitors
PI3K/mTOR dual 
inhibitors

Buparlisib, 
idelalisib
Sirolimus, 
everolimus, 
temsirolimus
MK-2206, 
ipatasertib, 
afuresertib
Sapanisertib, 
vistusertib
Dactolisib, 
gedatolisib

NCT01403415, 
NCT00981799, 
NCT03328104, 
NCT01523977, 
NCT01614197
NCT02484430
NCT01756118

Cell cycle 
regulation

CDK4/6 inhibitors
Pan-CDK inhibitors

Ribociclib, 
palbociclib
Roniciclib

NCT03515200, 
NCT03740334, 
NCT02310243, 
NCT03132454, 
NCT03792256

Proteasome Proteasome inhibitors
Neddylation inhibitors
Deubiquitinating 
enzyme inhibitors
E3 ubiquitin ligase 
inhibitors

Bortezomib, 
ixazomib, 
carfilzomib
Pevonedistat
In development, 
preclinical only
In development, 
preclinical only

NCT00873093, 
NCT02112916, 
NCT02303821, 
NCT02228772, 
NCT03817320

BCL-2 apoptotic 
machinery

BCL-2 inhibitors
BCL-XL and BCL-2 
inhibitors
MCL-1 inhibitors

Venetoclax
Navitoclax
S63845, AZD5991

NCT03808610, 
NCT00501826, 
NCT03504644, 
NCT03319901, 
NCT03236857
NCT03181126
NCT03218683

(continued)
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of genes involved in anabolic pathways, and the MYC oncogene plays a major role 
in Notch-induced transformation. The oncogenic activity of Notch1  in T-ALL is 
strictly dependent on MYC upregulation, which further makes the Notch1-MYC 
regulatory circuit an attractive therapeutic target for the treatment of T-ALL [27]. 
GSIs can induce G0/G1 arrest, decrease cell viability, and cause apoptosis of T-ALL 
cell lines carrying NOTCH1 activating mutations [28]. GSIs circumvent glucocorti-
coid resistance, but result in severe gastrointestinal (GI) toxicity due to accumula-
tion of goblet cells in the gut. Yet, when GSIs were used in tandem with 
glucocorticoids (GCs), there was a dual benefit of avoiding glucocorticoid resis-
tance and alleviating GI toxicity, as the GCs induced transcriptional upregulation of 

Table 14.1 (continued)

Target Type of treatment Available agents Clinical trials in T-ALL

Epigenetic Demethylating agents
HDAC inhibitors
DOT1L inhibitors
IDH1/2 inhibitors
BRD4 inhibitors

Decitabine, 
5-azacitidine
Romidepsin, 
vorinostat
Pinometostat
AG-120
JQ1, OTX015, 
CPI203, 
BMS-986158

NCT00882206
NCT00882206, 
NCT02512497, 
NCT02083250
NCT01713582

Tyrosine kinase 
inhibitors

ABL class inhibitors Dasatinib, imatinib, 
nilotinib

Monoclonal 
antibodies

CD25
CD38
CD52
CD127

Basiliximab
Daratumumab, 
isatuximab
Alemtuzumab
In development, 
preclinical only

NCT03384654, 
NCT02999633, 
NCT03860844
NCT00199030, 
NCT00061945

CAR T-cell 
therapy

CD5
CD7
TRBC1
CD1a

Preclinical and 
early phase trials
Preclinical and 
early phase trials
In development, 
preclinical only
In development, 
preclinical only

NCT03081910
NCT03690011

Newer cytotoxics 
and other agents

Antimetabolites
Vincas
Alkylators
CXCR4 antagonist

Nelarabine
Liposomal 
vincristine
OBI-3424
BL-8040

NCT00408005, 
NCT00684619, 
NCT00501826, 
NCT02881086, 
NCT02763384
NCT00495079, 
NCT01222780, 
NCT02518750, 
NCT03504644
NCT04315324
NCT02763384
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cyclin D2, thus preventing intestinal goblet cell metaplasia [29, 30]. These preclini-
cal studies led to a trial of MK-0752, a potent gamma-secretase inhibitor, which was 
tolerated in a small number of patients on a phase I study and demonstrated tempo-
rary benefit in a T-ALL patient with Notch activation [28]. T-ALL maintenance is 
dependent on Notch activation, but not C-MYC expression, demonstrating that 
Notch is oncogenic dominant in T-ALL tumors [31]. A pediatric and adult phase I 
clinical trial (NCT02518113) was recently completed using the Notch inhibitor, 
LY3039478, in conjunction with dexamethasone; however, results are not yet pub-
lished. Similarly, another phase I trial tested the pan-Notch inhibitor BMS-906024, 
either alone or in combination with dexamethasone, in adults with relapsed and 
refractory T-ALL (NCT01363817). This study is also now closed to recruitment, 
but results have not yet been reported. Interestingly, BMS-906024 was shown to 
induce a complete hematologic response in a patient with relapsed/refractory ETP-
ALL [32]. Additional gamma-secretase inhibitors that have been identified but have 
not yet undergone clinical investigation include cowanin, DAPT, RO4929097, and 
PF0384014 [33–36]. As GSIs have not demonstrated activity in adult malignancies 
with aberrant Notch expression, including breast cancer, and considering the rela-
tive rarity of T-ALL, it remains unclear if translation of GSIs will be successful as 
pharmaceutical company investigations wane.

 Jak/Stat

The Janus kinase (Jak)/signal transducer and activator of transcription (Stat) path-
way is a mechanism by which extracellular signaling alters cell biology by inducing 
transcription activation [37]. The Jak/Stat pathway, when normal, is responsible for 
hematopoiesis and immune formulation but, when altered, has been implicated in 
hematological malignancies – including pediatric T-ALL [37]. Multiple mutations 
and upregulations of Jak/Stat activity have been identified, and somatic mutations of 
JAK1 occur in 10–20% of T-ALL cases. In fact, some of the earliest descriptions of 
Jak/Stat lesions in cancer, such as a TEL-JAK2 fusion, were first identified in pedi-
atric T-ALL patients [38, 39]. IL7R mutational activation, including IL7R-JAK 
fusion, is involved in human T-cell leukemogenesis, and targeting of IL7R-mediated 
signaling may be a potential for therapeutic investigation. As IL7R-JAK lesions did 
not confer an adverse prognosis on the recent UKALL2003 pediatric clinical trial, 
studies focused on this population would be difficult based on a small sample size 
of relapsed and refractory patients [15, 40]. Alterations in Jak/Stat are more com-
mon in ETP-ALL. These alterations include mutations in IL7R. Based on the high 
frequency of alterations, preclinical studies evaluated the activity of the Jak1/2 
inhibitor ruxolitinib [41]. Ruxolitinib was active in 6/6 patient-derived murine 
xenograft models of ETP-ALL [42]. Both Jak/Stat pathway activation and ruxoli-
tinib efficacy were independent of the presence of Jak/Stat pathway mutations, rais-
ing the possibility that the therapeutic potential of ruxolitinib in ETP-ALL extends 
beyond those cases with JAK mutations [42]. Multiple studies have demonstrated 
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that intrinsic or acquired resistance to steroids is correlated with worse outcomes in 
T-ALL. Recent preclinical work demonstrated that a combination of dexametha-
sone (glucocorticoid) and ruxolitinib may overcome IL7-induced resistance, which 
could in theory improve outcomes [43]. One group recently investigated the regula-
tory roles of the suppressor of cytokine signaling 5 (SOCS5) in T-ALL, showing 
that SOCS5 negatively regulates T-ALL cell growth and cell cycle progression [44]. 
Downregulation of SOCS5 expression enhanced activation of Jak/Stat signaling. 
Furthermore, when they inactivated SOCS5 leukemia engraftment, progression and 
burden all accelerated [44]. JAK1/2-mutated T-ALLs in patients aged 13–75 years 
are currently eligible for phase I study combining ruxolitinib and chemotherapy 
(NCT03613428). Other newer agents in this class that are yet to be tested in T-ALL 
include the Jak inhibitors tofacitinib and peficitinib and the Stat inhibitor pimozide.

 MAPK/Ras

The Ras-mitogen-activated protein kinase (MAPK) signaling pathway is one of the 
most commonly mutated pathways in cancer. MAPK alterations are also common 
in T-ALL, affecting 13.6% of patients [7]. These alterations can be clonal or sub-
clonal, are often not driver lesions, and are frequently enriched at relapse. A number 
of trials are investigating targeting MAPK in hematologic malignancies, including 
T-ALL [3]. The prospects of successful Ras inhibition in hematologic malignancies 
have been previously discussed, but recent indications demonstrate that Ras path-
way mutations are more prevalent in relapsed disease and Ras targeting may be 
more useful at the time of T-cell ALL relapse [45, 46]. A current phase I/II trial of 
selumetinib, a MEK1/2 inhibitor that targets the MEK enzyme in the Ras pathway, 
with dexamethasone is open for patients of all ages with relapsed or refractory 
T-ALL with a RAS mutation (NCT03705507). The MAPK pathway has also been 
inhibited in lymphoid cells by alternative mechanisms including the farnesyltrans-
ferase inhibitor tipifarnib and the Kv1.3 inhibitor PCARBTP [47, 48].

 PI3K/AKT/mTOR

The phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin 
(mTOR) signaling pathway plays a critical role in controlling cell metabolism, pro-
liferation, and survival, and alterations leading to activation of this pathway are 
frequently seen in many cancers, including T-ALL [49–52]. Several novel drugs 
targeting this pathway are being investigated. The most common mechanism of 
activation of this pathway in T-ALL is through inactivation of phosphatase and ten-
sin homolog (PTEN), which in turn results in Akt activation [51, 52]. PTEN inacti-
vation in T-ALL can result from mutations and deletions in PTEN or through other 
signaling defects that affect PTEN expression; one study demonstrated 
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abnormalities that inactivate PTEN may occur in as many as 36% of primary T-ALL 
cases [52]. There also has shown to be cross talk between activated NOTCH1 and 
PI3K/AKT activation [53–55]. HES1, a direct target of NOTCH1, binds to the 
PTEN promoter suppressing its expression, thereby promoting Akt activation [53]. 
Alternatively, mutations in AKT1, PI3KCA, PI3KR1, and IL7R have been shown to 
be associated with activation of this pathway [51]. Abnormalities in Jak/STAT and 
MAPK signaling also can indirectly lead to PI3K/AKT/mTOR activation [51].

Numerous preclinical studies in T-ALL have investigated targeting the PI3K/
AKT/mTOR pathway. Initial studies primarily focused on the use of mTOR inhibi-
tors. The first mTOR inhibitor to translate into the clinic, sirolimus (rapamycin), 
was shown to have efficacy as a single agent and when combined with conventional 
chemotherapy in T-ALL preclinical models [51, 56]. Importantly, sirolimus was 
shown to reverse corticosteroid resistance in multiple preclinical T-ALL studies [57, 
58]. Newer mTOR inhibitors include everolimus, temsirolimus, and ridaforolimus. 
Treatment with mTOR inhibitors results in compensatory upregulation of feedback 
loops in the PI3K/Akt/mTOR pathway, thus reducing long-term efficacy. To over-
come this, several new classes of drugs that target different parts of this signaling 
pathway are being investigated. These include PI3K/mTOR dual inhibitors, 
mTORC1/2 dual inhibitors, PI3K inhibitors, and Akt inhibitors [1, 51]. Numerous 
preclinical studies have shown these agents to have increased efficacy over targeting 
mTOR alone [51, 59–63]. Buparlisib (BKM120), a PI3K inhibitor, was shown to 
have acceptable tolerability and preliminary activity in a phase I trial of patients 
with advanced leukemias; however, no T-ALL patient was enrolled in this study 
[64]. Clinical trials are currently evaluating the use of mTOR inhibitors everolimus 
(NCT01523977, NCT03328104) and temsirolimus (NCT01614197) in combina-
tion with chemotherapy in children [65]. Newer agents being developed to target 
this pathway include the Akt inhibitors MK-2206, ipatasertib, and afuresertib, the 
mTORC1/2 inhibitors sapanisertib and vistusertib, and the PI3K/mTOR dual inhib-
itors dactolisib and gedatolisib. A phase II trial using sapanisertib was recently initi-
ated for patients with relapsed/refractory ALL, in which T-ALL patients are eligible 
(NCT02484430).

 D-Type Cyclins and Cyclin-Dependent Kinases

D-type cyclins (cyclins D1, D2, and D3) and their associated cyclin-dependent 
kinases CDK4 and CDK6 play an important role in both normal hematopoiesis and 
leukemogenesis [66, 67]. The cyclin D/CDK complex mediates phosphorylation of 
the retinoblastoma protein (Rb), thereby preventing it from binding to the transcrip-
tion factor E2F1. This leads to the expression of E2F1-dependent genes and subse-
quent cell cycle progression from G1 to S phase. Loss of the cyclin-dependent 
kinase inhibitor 2A (CDKN2A) gene is among the most common genetic abnormali-
ties seen in T-ALL [7, 8]. CDKN2A encodes two tumor suppressor proteins, p14ARF 
and p16INK4A, which selectively inhibit CDK4 and CDK6, thus preventing 
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phosphorylation of Rb. [68, 69] Thus, deletions in CDKN2A disrupt the Rb tumor 
suppressor pathway through the D-type cyclin/CDK complex-mediated phosphory-
lation of Rb. Additionally, multiple preclinical studies have shown that cyclin D3 
plays an important role in the initiation and progression of T-ALL in mouse models 
[70, 71].

Several groups have investigated the inhibition of the D-type cyclin/CDK com-
plex as a potential therapeutic strategy in T-ALL. Two studies showed that treatment 
with a CDK4/6 inhibitor PD0332991 (palbociclib) resulted in reduction in tumor 
burden and improved survival in T-ALL xenograft models [71, 72]. Another study 
demonstrated the CDK4/6 inhibitor LEE001 (ribociclib) had a synergistic effect 
when combined with glucocorticoids and the mTOR inhibitor everolimus both in 
in vitro and in vivo T-ALL xenograft models [73]. However, the drug was found to 
be antagonistic when combined with methotrexate, mercaptopurine, doxorubicin, 
and L-asparaginase in vitro. It is unknown if the same antagonism would be seen 
in vivo. Based on these results, several early phase trials are investigating the use of 
CDK4/6 inhibitors in relapsed/refractory leukemias (NCT03515200, NCT03740334, 
NCT02310243, NCT03132454, NCT03792256) [14, 65]. For example, 
NCT03792256 is a phase I trial studying the use of palbociclib in combination with 
a standard re-induction chemotherapy backbone in children with relapsed ALL.

 Ubiquitin-Proteasome Pathway

The ubiquitin-proteasome pathway (UPP) is the primary mechanism of protein deg-
radation in cells and thus is a key driver in the regulation of cell cycle progression, 
apoptosis, and stress responses [74, 75]. One of the important regulatory proteins 
affected by the UPP is NF-κβ. In non-proliferating cells, the inhibitor protein Iκβ 
sequesters NF-Kβ in the cytoplasm [75]. However, in dividing cells, Iκβ is ubiquiti-
nated and targeted for degradation, thus allowing NF-κβ to dimerize and move into 
the nucleus, where it acts as a transcription factor [75]. T-ALL blasts often have 
considerable activation of the NF-κβ pathway, frequently as a consequence of acti-
vated Notch1 [75, 76]. Thus, targeting the proteasome and disrupting the protein 
degradation pathway have been of considerable interest in T-ALL [1, 75].

Several preclinical studies have shown that the 26S proteasome inhibitor bort-
ezomib has antitumor efficacy as a single agent in T-ALL [77–79]. It has shown to 
be synergistic with several conventional cytotoxic chemotherapy agents and also 
demonstrated the ability to reverse glucocorticoid resistance [77, 79]. Early phase 
clinical trials in relapsed B- and T-ALL had promising results [80, 81]. The COG 
phase II trial AALL07P1 tested bortezomib in combination with intensive re- 
induction chemotherapy for ALL or lymphoblastic lymphoma patients in the first 
relapse [81]. The study included 22 relapsed T-ALL and 10 T lymphoblastic lym-
phoma patients. Relapsed T-ALL patients had an encouraging remission rate of 
68  ±  10% [81]. Based on these results, bortezomib was incorporated into a 
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randomized phase III trial in de novo T-ALL through the COG (AALL1231). 
Results from this trial have not yet been published. Newer proteasome inhibitors 
include carfilzomib and ixazomib, both of which are currently being studied in early 
phase trials (NCT02303821, NCT02228772, NCT03817320). The ubiquitin-prote-
asome pathway can also be targeted by neddylation inhibitors, E3 ubiquitin ligase 
inhibitors, and deubiquitinating enzyme inhibitors; however, data are limited using 
these inhibitors in T-ALL.

 BCL-2 Apoptotic Machinery

The B-cell lymphoma 2 (BCL-2) family of proteins consists of pro-survival and 
pro-apoptotic proteins that together play a critical role in maintaining tissue homeo-
stasis [82, 83]. BCL-2, BCL-XL, and MCL-1 are the pro-survival members of the 
family, and its aberrant expression has been linked to a number of different cancers, 
including several hematological malignancies [82, 83]. Several studies have shown 
that BCL-2 expression in T-ALL is different based on its genetic and immunophe-
notypic subtype, with higher expression seen in more immature ETP-ALL or ETP- 
like T-ALL samples compared to other T-ALL samples in which BCL-XL expression 
was more prevalent [84, 85].

The BCL-2 inhibitors ABT-263 (navitoclax) and ABT-199 (venetoclax) have 
been tested against T-ALL in multiple preclinical studies. While navitoclax targets 
both BCL-2 and BCL-XL, venetoclax is more specific for BCL-2. Expectedly, a 
study showed that ETP-ALL samples showed greater sensitivity to ABT-199 both in 
in vitro and in vivo studies, while non-ETP-ALL samples were more sensitive to 
ABT-263 [84]. More recently, a new inhibitor selective for MCL-1, S63845, was 
shown to be active in a majority of T-ALL cell lines and interestingly was able to 
reverse venetoclax resistance [86]. There currently are several early phase trials test-
ing the use of navitoclax and venetoclax in relapsed B- and T-ALL, including one 
trial that is testing the combination of both navitoclax and venetoclax [87]. Early 
results from a venetoclax trial for relapsed pediatric leukemia patients 
(NCT03236857) showed an overall response rate of 27% among ALL patients 
(3/11) [88]. These included five patients who received venetoclax monotherapy and 
six patients who received venetoclax in combination with chemotherapy. Seventy- 
three percent (8/11) had venetoclax-related adverse events, but no serious adverse 
event was attributed to venetoclax [88]. Thirty-six patients have been enrolled so far 
on the phase I navitoclax plus venetoclax combination trial (NCT03181126), 
including seven pediatric patients [87]. T-ALL has accounted for 44% (16/36) of 
enrolled study patients. The overall response rate was 56% in the total population, 
with a 38% (6/16) complete response rate in T-ALL patients. More encouragingly, 
however, there was an overall response rate of 86% (6/7) in pediatric patients, with 
five patients having a complete response [87].
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 Epigenetic Targeting

Recent genomic studies have demonstrated that epigenetic changes are frequently 
seen in T-ALL, thus making the targeting of epigenetic pathways an important con-
sideration [7, 89]. The aforementioned TARGET analysis of T-ALL patients showed 
mutations associated with epigenetic regulation in 68% of patients [7]. Specific 
mutations were associated with certain genomic subtypes, such as PHF6 mutations 
in cases with TLX3 rearrangement and USP7 alterations in TAL1 cases, CTCF and 
KDM6A in TLX3 cases, and MLL1 in HOXA cases [7]. HOXA dysregulation when 
associated with MLL-R has been shown to confer a worse prognosis in T-ALL, with 
high rates of induction failure [90]. Other studies have previously identified muta-
tions in numerous genes involved in DNA methylation (DNMT3A, DNMT3B, TET1, 
IDH1, IDH2), histone methylation (EZH2, SUZ12, EED, JARID2, UTX, MLL1, 
MLL2, DOT1L, SETD2), and histone acetylation (CREBBP, EP300, NCOA2, 
HDACs, HDAC5, HDAC7). Genome-wide promoter DNA methylation analysis in 
pediatric T-ALL has shown that low levels of global DNA methylation is associated 
with poor treatment outcomes [89, 91]. Given the high frequency of epigenetic 
changes in T-ALL, a number of epigenetic agents have been studied in preclinical 
models such as DNA methyltransferase inhibitors and histone deacetylase (HDAC) 
inhibitors. Two clinical trials studied the combination of the demethylating agent 
decitabine and the HDAC inhibitor vorinostat with re-induction chemotherapy in 
relapsed/refractory pediatric ALL patients (NCT00882206, NCT01483690) [92, 
93]. While a clinical benefit was demonstrated in the first trial with tolerable toxicity 
[92], a high incidence of significant infectious toxicities were seen in the second 
trial resulting in early termination [93]. Only one patient with T-ALL was enrolled 
on study between the two trials. Interestingly, the HDAC inhibitor romidepsin is 
currently being studied to be given as maintenance therapy after allogeneic hemato-
poietic stem cell transplantation (HSCT) in adults with T-cell malignancies 
(NCT02512497). Other epigenetic drug classes of interest are IDH1 and IDH2 
mutant inhibitors, DOT1L inhibitors, and BRD4 inhibitors [1, 89]. BRD4 inhibitors 
are discussed in detail below.

 BRD4/MYC

Bromodomains (BRDs) are a diverse family of protein interaction modules, and 
proteins that use BRDs for their recruitment to specific regulatory complexes have 
been implicated in the development of cancer [94]. BRD4 is a member of the bro-
modomain and extraterminal (BET) subfamily of human bromodomain proteins 
[95]. Chromatin regulators, such as BRD4, are attractive as therapeutic targets for 
cancer because they are deregulated in numerous cancers and are amenable to small 
molecule inhibition [95]. One such cell-permeable small molecule (JQ1) was 
designed to bind competitively to acetyl-lysine recognition motifs of 
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bromodomains [96]. JQ1 inhibited BRD4 and led to selective inhibition of the MYC 
oncogene in multiple myeloma [95]. MYC oncogene ongoing activity is necessary 
for T-ALL survival, and C-MYC inhibition results in efficient targeting of T-ALL- 
initiating cells [97]. C-MYC suppression by small hairpin RNA or pharmacologic 
approaches prevents leukemia initiation in mice by eliminating LIC activity [98]. 
Treatment with the BET bromodomain BRD4 inhibitor JQ1 reduced C-MYC 
expression and inhibited in vitro growth of relapsed and induction failure pediatric 
T-ALL samples [98]. It has been previously established that C-MYC is a develop-
mentally regulated direct downstream target of Notch1 that contributes to the growth 
of T cells [4]. In functional assays, inhibitors of C-MYC interfere with the pro- 
growth effects of activated Notch1, and enforced expression of C-MYC rescues 
multiple Notch1-dependent T-ALL cell lines from Notch withdrawal [4]. Gamma- 
secretase inhibitors (GSIs) have been used to prevent Notch1 activation in T-ALL as 
described above, but response has not persisted [99]. It is thought that an epigenetic 
mechanism for the transient effect/response to GSI is present, so testing identified 
BRD4 as potential additional target to subvert an epigenetic resistance mechanism. 
GSI in combination with JQ1 was consistently effective in vivo [99]. JQ1 induced 
the downregulation of MYC transcription, the loss of BRD4 at the MYC promoter, 
and the reduced expression of C-MYC target genes [100]. JQ1 also downregulated 
IL7R transcription, depleted BRD4 from the IL7R promoter, and reduced JAK2 and 
STAT5 phosphorylation [100]. A novel oral inhibitor of BRD2/3/4, the thienotri-
azolodiazepine compound OTX015, is also under evaluation [101]. Treatment with 
OTX015 and JQ1 induced similar gene expression profiles in sensitive cell lines, 
including C-MYC downregulation [102]. OTX015 also induced a strong decrease 
of BRD2, BRD4, and C-MYC, supporting OTX015 evaluation in a phase I trial in 
relapsed/refractory leukemia patients (NCT01713582) [101, 102]. Unfortunately, 
no T-ALL patient was enrolled on this trial [103]. Study of a newer BRD/BET 
inhibitor (BMS-986158) in pediatric solid tumors, CNS tumors, and lymphoma is 
currently ongoing (NCT03936465).

 Tyrosine Kinase Inhibitors

While tyrosine kinase inhibitors (TKIs) have not gained prominence in T-ALL as 
they have in other malignancies, they may have an important role in treating specific 
subsets of T-ALL patients, for example, those with NUP214-ABL1 fusions, which 
account for 3.9–5.8% of all T-ALL cases [104, 105]. In these patients, the member 
of the nuclear pore complex NUP214 and the kinase ABL1 form a constitutively 
active fusion protein, thus making them sensitive to TKIs. The tyrosine kinase 
inhibitors imatinib, dasatinib, and nilotinib have all been shown to induce apoptosis 
in human NUP214-ABL1-positive T-ALL cell lines, and dasatinib was also shown 
to have activity in a xenograft model [106]. Rapid complete cytogenetic remission 
was seen after upfront dasatinib monotherapy in a patient with NUP214-ABL1- 
positive T-ALL [106]. In another similar case, a response was seen with imatinib, 
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when used in combination with vincristine and prednisone [107]. A larger cohort of 
T-ALL patients with NUP214-ABL1 fusions needs to be studied to better under-
stand the efficacy of TKIs in this unique subset. Another rare subset of T-ALL cases 
that would potentially be responsive to TKIs are those with PDGFRB (platelet- 
derived growth factor receptor beta) fusions [108, 109].

Interestingly, a large ex vivo drug response profiling study identified a subset of 
T-ALL patient samples that were extremely sensitive to dasatinib, without the typi-
cal ABL1 kinase translocation [110]. The drug response was seen in both diagnostic 
and relapsed samples, and surprisingly, the IC50 for dasatinib in these patient sam-
ples was at least tenfold lower than in any of the best B-ALL dasatinib responders 
tested [110]. No known genetic abnormality could be associated with this pheno-
type. Given that dasatinib is a dual ABL1/SRC inhibitor, the investigators hypothe-
sized that the effect was due to SRC inhibition and demonstrated higher levels of 
activated, phosphorylated SRC in dasatinib-sensitive samples [110]. They validated 
these findings in an in vivo T-ALL xenograft model and then subsequently demon-
strated that 40% (13/33) of adult and pediatric T-ALL samples responded to dasat-
inib with an IC50 of below 100 nM. Based on these findings, they initiated dasatinib 
therapy in combination with pegylated asparaginase in a refractory T-ALL patient. 
Asparaginase was discontinued after one dose due to intolerance, but continued 
dasatinib monotherapy was able to control the disease for 5 months [110]. Thus, 
further exploration of underlying molecular mechanisms is warranted in dasatinib- 
sensitive T-ALL.

 Immunotherapy

While breakthroughs in immunotherapeutic approaches such as monoclonal anti-
bodies, antibody-drug conjugates, bispecific T-cell engagers (BiTEs), and CAR 
T-cell therapy have changed the overall landscape of treating B-ALL, such advances 
in T-ALL have lagged behind [1, 65]. The principal problem in developing immu-
notherapies for T-ALL is the lack of a tumor-specific surface antigen on T lympho-
blasts, as long-standing immunosuppression from T-cell aplasia would be 
life-threatening [1, 65, 111]. This is potentially less of a concern when using mono-
clonal antibodies compared to BiTEs or CAR T cells. However, single agent clinical 
trials targeting CD52 in T-ALL with the antibody alemtuzumab showed limited 
efficacy and were associated with significant infectious toxicity [112, 113]. 
Daratumumab, an anti-CD38 monoclonal antibody, has shown great efficacy in 
T-ALL xenograft models [114–116] and is currently being evaluated in an interna-
tional multicenter phase II study for relapsed/refractory T-ALL in combination with 
chemotherapy (NCT03384654) [65]. Isatuximab is another monoclonal antibody 
targeting CD38 that is actively being studied in a phase II trial for children and 
young adults with relapsed/refractory T-ALL (NCT02999633). A potential anti-
body of interest in targeting T-ALL is the anti-CD25 monoclonal antibody basilix-
imab, given the known expression of CD25  in a majority of T-ALL blasts [1]. 
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Additionally, two recent preclinical studies have shown that targeting the alpha 
chain of the interleukin 7 receptor (IL-7Rα, CD127) with monoclonal antibodies is 
efficacious in T-ALL [117, 118].

Apart from T-cell aplasia, there are two other significant challenges in the devel-
opment of CAR T-cell therapy for T-ALL: the likelihood of fratricide, in which 
CAR T cells target each other, and the possibility of product contamination in which 
malignant T-ALL cells are inadvertently transduced with a CAR [111, 119]. One 
study showed that the accidental CAR transduction of a single B-ALL blast resulted 
in relapse, as the CD19 CAR bound to the CD19 epitope on the surface of leukemic 
cells, masking it from CAR T-cell recognition [120]. Thus, an “off-the-shelf” 
fratricide- resistant CAR T cell with a limited life span might be promising for 
T-ALL. Several preclinical studies have investigated the use of CAR T cells in T-cell 
malignancies with the most commonly targeted T-cell antigens being CD5 and CD7 
[121–126]. Other T-cell antigens that have been targeted include CD30, TRBC1, 
CD37, and CD1a [111]. In order to overcome fratricide, several approaches have 
been used. These include targeting of downregulated antigens such as CD5, genome 
editing of target antigen, targeting antigens with limited expression on T cells (e.g., 
CD30, CD37, CD1a, TRBC1), Tet-OFF expression system, protein expression 
blockers (PEBLs), and using NK-92 cells [111]. A study showed that expression of 
a CD5 CAR with a CD28 costimulatory domain resulted in downregulation of CD5 
from the T-cell surface, thereby causing only limited fratricide. Based on these find-
ings, a phase I clinical trial is currently investigating the use of CD5 CAR T cells in 
relapsed T-cell malignancies (NCT03081910). Two studies have successfully shown 
that genome editing of CD7 using CRISPR/Cas9 resulted in fratricide-resistant 
CD7 CAR T cells [123, 126]. Another phase I clinical trial is investigating this 
approach (NCT03690011). In order to avoid long-term T-cell aplasia, investigators 
in both clinical trials recommend patients proceed to allogeneic HSCT after CAR 
T-cell therapy.

 Nelarabine

Nelarabine, the prodrug for 9-β-D-arabinofuranosylguanine (araG), has shown 
great efficacy in T-ALL and was safely integrated into an intensive chemotherapy 
backbone in the phase III COG AALL0434 trial resulting in improved survival 
[127, 128]. It remains the only agent that has received US Food and Drug 
Administration (FDA) approval specifically for relapsed T-ALL [129].

The most recently completed Children’s Oncology Group study for T-ALL 
patients, COG AALL0434, demonstrated outcomes not previously reached. 
AALL0434 was a phase III randomized clinical trial for children and young adults 
with T-ALL and T-cell acute lymphoblastic lymphoma (T-LL). It utilized a 2 x 2 
pseudo-factorial randomization comparing Capizzi methotrexate (CMTX) vs. high- 
dose methotrexate (HDMTX), ± six 5-day courses of nelarabine. Post-induction, 
T-ALL patients were classified as low, intermediate, or high risk based on NCI risk 
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group and early treatment response. All T-ALL patients were randomized to receive 
CMTX vs. HDMTX, and patients with intermediate- or high-risk T-ALL were also 
randomized to receive nelarabine or not. The 4-year disease-free survival (DFS) on 
the CMTX plus nelarabine arm for T-ALL patients was 92.2% ± 2.8%. In contrast, 
the 4-year DFS on the HDMTX/no nelarabine arm, which is the standard of care 
throughout much of the world, was 78.0% ± 3.7% [130]. In addition, AALL0434 
demonstrated a nelarabine benefit in patients with central nervous system T-ALL [131].

 Other Agents

Liposomal vincristine sulfate (Marqibo) was approved by the FDA in 2012 for the 
treatment of adults with Philadelphia chromosome-negative ALL in second or 
greater relapse [132]. The liposomal formulation increases the half-life and area 
under curve for vincristine sulfate, thus allowing for a higher concentration of drug 
in the blood compartment without increasing toxicity [132]. A phase II trial of lipo-
somal vincristine monotherapy in adults included ten T-ALL patients, two (20%) of 
which achieved remission [133]. Subsequently, a phase I trial in children with 
relapsed and/or refractory acute leukemia and solid tumors demonstrated that chil-
dren are able to safely tolerate the same dose of liposomal vincristine as adults 
[134]. A phase I/II trial testing the combination of venetoclax and liposomal vincris-
tine in patients with relapsed/refractory T- or B-ALL is currently ongoing 
(NCT03504644).

A potential new target in this disease is the chemokine receptor CXCR4, which 
has been shown to be required for leukemia-initiating cell activity in T-ALL [135]. 
Preclinical data has demonstrated that inhibition of this receptor decreases the pro-
liferation and survival of T-ALL cells and prevents homing to the bone marrow 
niche [135]. Based on these results, BL-8040, a short peptide CXCR4 antagonist, is 
currently being tested in a phase II trial in combination with nelarabine for patients 
with relapsed/refractory T-ALL (NCT02763384) [65]. Another novel agent that has 
gained recent interest in T-ALL is OBI-3424, a highly selective prodrug that is con-
verted by aldo-keto reductase family 1 member C3 (AKR1C3) into a potent DNA- 
alkylating agent [136]. A recent study showed that AKR1C3 mRNA expression was 
significantly higher in primary T-ALL samples compared to B-ALL, and OBI-3424 
showed potent cytotoxicity against both T-ALL cell lines and PDX models [136]. A 
phase I trial of this drug is currently ongoing in patients with solid tumors, hepato-
cellular carcinoma, and prostate cancer (NCT03592264).

 Conclusion

Outcomes for pediatric T-ALL have steadily improved over the past 50 years; how-
ever, we have likely reached a plateau where further intensification of therapy is 
unlikely to increase survival. Recent studies using targeted agents provide hope of 
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further improvement in outcomes while potentially mitigating toxicity. T-ALL has 
a well-established genetic heterogeneity, and the complexities of T-ALL biology 
provide many channels of investigation and much cause for optimism for those who 
treat pediatric patients with T-ALL. Additional genomic profiling in relapsed and 
refractory T-ALL may potentially identify novel targetable pathways.
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Chapter 15
The Development and Management 
of Treatment with Chimeric Antigen 
Receptor T Cell (CAR T)

Colleen Annesley and Rebecca Gardner

 Introduction to CAR T Cell Therapy

Chimeric antigen receptor (CAR) T cell therapy consists of genetically modified T 
cells that are re-engineered to recognize surface-expressed proteins. CARs are com-
posed of an antigen-binding domain that is derived from a single-chain variable 
fragment (scFv) from an immunoglobulin against the protein of interest, a trans-
membrane domain, and an intracellular signaling domain. This technology has 
allowed for flexibility in targeting tumor cells with cytotoxic T cells in a non-HLA- 
dependent manner. Initial first-generation CARs consisted of an intracellular CD3ζ 
signal which was insufficient for in  vivo activity [1]. Second-generation CARs 
encoded for a second signal, most frequently CD28 or 4-1BB, in addition to the 
CD3ζ signal. Second-generation CARs entered clinical trials in the late 2000s, and 
clinical responses began to occur in B cell acute lymphoblastic leukemia (B-ALL), 
chronic lymphocytic leukemia (CLL), and B cell non-Hodgkin lymphoma (B-NHL) 
[2–5]. The most remarkable responses with the use of CAR T cell therapy have been 
seen in pediatric B-ALL, leading to the first Food and Drug Administration (FDA) 
approval of a gene-modified cell therapy for cancer [6].

Commonalities of CAR T cell manufacturing to date include apheresis for autol-
ogous T cell collection, gene modification through viral transduction, and cell 
growth for approximately 1–2 weeks [7, 8]. Non-viral methods of gene modifica-
tion are starting to come to clinic, which may enable faster and cheaper manufactur-
ing [9]. Recent technology advances have also enhanced production ability. With 
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the CliniMACS Prodigy, point-of-care CAR T cell manufacturing is becoming pos-
sible without the expense of a dedicated good manufacturing practice (GMP) facil-
ity, and currently several clinical trials are making use of the CliniMACS Prodigy 
for cell manufacturing [10]. Following the initial trials in the late 2000s, CAR T cell 
products under clinical investigation have expanded to greater than 1000 studies on 
clinicaltrials.gov targeting solid, brain, and liquid tumors.

 Validated Targets in B-ALL

A key component of CAR T cell therapy is choosing a target protein which is 
expressed on the cell surface of the tumor cell and has minimal or no expression on 
normal tissue, in order to minimize the risks of on-target off-tumor toxicity. The two 
main targets meeting this criterion that have been exploited for therapeutic efficacy 
in B-ALL are CD19 and CD22.

CD19 is expressed on human B lymphocytes at all stages of maturation. It is an 
attractive target, as it is expressed on the majority of B-ALL and is not expressed on 
normal tissues other than B cells [11]. Engraftment assays in NOD/SCID mice have 
indicated that leukemia repopulating cells are uniformly CD34+ and CD19+ in the 
common forms of B-ALL [12]. In certain subtypes of B-ALL, such as BCR/ABL1- 
positive ALL, there are some reports that the leukemia-initiating cells are CD19 
negative, although this is not definitive [13].

CD19 became a validated target in B-ALL initially through the development of 
blinatumomab, a CD19/CD3 bispecific T cell-engaging antibody that binds to 
CD3+ T cells and co-localizes them with CD19+ B cells, thereby activating the T 
cells and inducing perforin-mediated death of the targeted B cells [14]. Blinatumomab 
has been shown to have efficacy in both the minimal residual disease (MRD) and 
bulk disease settings. In a phase 2 study of blinatumomab in adults with B-ALL, 
43% achieved a complete remission (CR) or CRh [15].

Similar to CD19, CD22 is expressed on all human B cells from the early pre-B 
phase [16] and is expressed in 96% of B-ALL cases [17]. However, CD22 expres-
sion is differentially expressed on certain subgroups of B-ALL. BCR/ABL1- and 
KMT2A-rearranged B-ALL have lower CD22 site density, which may impact the 
ability to respond to CD22 targeting. Inotuzumab ozogamicin (InO) is an anti-
CD22 antibody conjugated to calicheamicin, a cytotoxic agent. Reports of InO in 
relapsed and refractory B-ALL have demonstrated CR rates of 80.7% in adults and 
67% in a pediatric retrospective review. [18, 19] Although those with less than 
100% expression of CD22 responded similarly to those with 100% expression, 
those with KMT2A or BCR/ABL1 mutations were less responsive to InO in the 
adult study [20].
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 Clinical Trial Insights

The ELIANA trial was the pivotal phase 2 registration trial for tisagenlecleucel in 
pediatric relapsed/refractory B-ALL and led to the first FDA approval of a CAR T 
cell product [21]. Tisagenlecleucel is a second-generation CAR T cell product, ini-
tially developed at the University of Pennsylvania (UPENN) and investigated aca-
demically in pediatrics at the Children’s Hospital of Philadelphia (CHOP) as 
CTL019 [22]. Tisagenlecleucel is generated from patient-obtained leukapheresis 
material; expanded and transduced to express a second-generation CAR with the 
scFv domain derived from the murine anti-CD19 antibody, FMC63; and has 4-1BB 
co-stimulation. Eligibility criteria for the ELIANA trial included patients who were 
refractory or in second or greater relapse, with at least 5% lymphoblasts in the bone 
marrow at screening. Age requirements included at least 3 years of age at the time 
of enrollment and no greater than 21 years of age at diagnosis. Patients were treated 
with doses of 0.2–5.4  ×  106 CAR+ T cells/kg. Of the 75 infused patients, 81% 
achieved a CR, and an intention-to-treat analysis of all enrolled patients showed a 
66% CR rate. Of those who achieved a CR, the estimated relapse-free survival at 
1 year was 59%. Most relapses were caused by loss of target antigen expression. 
The loss of CD19 was encountered early in the development of CAR T cell therapy, 
and the mechanism of antigen loss appears to be multifactorial [23–25]. Interrogation 
of the CD19-negative relapses from this group of patients showed that most had loss 
of surface CD19 expression due to truncating mutations, resulting in a protein that 
lacked the transmembrane domain [23].

Major learnings from the ELIANA trial included that CAR T cell therapy could 
be given across multiple hospitals and countries with central manufacturing and 
maintain high rates of remission. However, a significant portion of patients (18%) 
were unable to receive a CAR T cell product, either due to issues with manufactur-
ing a CAR T cell product or encountering medical complications during the time of 
cell manufacturing that precluded infusion of the product. The manufacturing fail-
ure rate was 7.6%, and the median time from enrollment to infusion was 45 days 
(range, 30–105). Following commercialization, details regarding manufacturing 
failure rates are unavailable, but initial commercial tisagenlecleucel products gener-
ated for B-ALL had a median turnaround time of 23 days (range, 21–37 days) from 
the time the apheresis material was received at the manufacturing facility until it 
was returned to the patients [7].

Prior to commercialization of CAR T cell therapy, several academic centers con-
ducted trials of varying CAR constructs in both pediatric and adult B-ALL that have 
led to varying insights on the use of CAR T cell therapy in this population [22, 
26–29]. Collectively, these trials demonstrated high rates of remission across vary-
ing CAR products. Although the rates of remission have been high in adults, the 
rates of toxicity have also been high, which has slowed down the development of 
CD19 CAR T cell therapy for adult B-ALL.
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Maintenance of remission is crucial to the ability to provide a long-term cure. It 
has been well established that the ongoing persistence of CAR T cells can be protec-
tive against CD19-positive recurrence [22, 28, 30]. Constructs that utilize CD28 
co-stimulation, such as those developed at the National Cancer Institute (NCI) [26] 
and Memorial Sloan Kettering Cancer Center (MSKCC) [29], have shortened dura-
tion of in vivo persistence compared to those that use 4-1BB co-stimulation, such as 
UPENN [31], CHOP [22], the Fred Hutchinson Cancer Research Center (FHCRC) 
[27], and Seattle Children’s Hospital (SCH) [28]. The 4-1BB co-stimulation appears 
to be protective against exhaustion with enhanced in vivo persistence. In addition to 
prolonged persistence, 4-1BB co-stimulation has demonstrated higher rates of CR 
in B-ALL of 82–94% [22, 27, 28] compared to 60–83% [26, 29]. This may reflect 
that 4-1BB co-stimulation leads to less exhaustion, allowing for repeated lytic activ-
ity in high disease burden patients, whereas the CD28 co-stimulation leads to 
exhausted T cells prior to obtaining a CR.

Aside from a small single-institution study comparing 4-1BB versus CD28 co- 
stimulation in NHL [32], there has not been a direct comparison of which product 
provides a superior overall outcome. Products that have longer in vivo persistence 
have higher rates of CD19-negative relapse, whereas those with short persistence 
have higher rates of CD19-positive relapse. In addition to higher rates of initial 
remission, the durability of the responses seems enhanced in products with 4-1BB 
co-stimulation. For adults, the 6-month event-free survival (EFS) with CD28 co- 
stimulation was 50% [29], compared with a 1-year disease-free survival (DFS) of 
65% with 4-1BB co-stimulation [27]. Similarly in pediatrics, the median overall 
survival (OS) following CD28 co-stimulation was 13.3 months [26, 33] compared 
to 1-year EFS of 50% in two studies of 4-1BB co-stimulation [21, 28].

With loss of CD19 antigen emerging as a major barrier to durable remissions, the 
NCI embarked on a trial of CD22-directed CAR T cells with 4-1BB co-stimulation. 
The initial experience demonstrated remission rates of 73% at doses of ≥1 × 106 
CD22 CAR T cells/kg [34]. The median duration of remission of 6 months follow-
ing CD22-directed CAR T cell therapy is inferior to that following CD19-directed 
therapy. The mechanism of escape is predominately down-modulation of CD22, 
rather than loss of the target. This leads to diminished likelihood that CD22-directed 
therapy can be administered as definitive therapy. It remains to be determined 
whether specific subgroups of ALL with lower site density of CD22 expression, 
such as BCR/ABL1- and KMT2A-rearranged ALL, will have differential responses 
to CD22 CAR T cell therapy, as has been seen with InO.

 Approaches to Overcoming Barriers to Therapeutic Efficacy

Several parameters should be considered when gauging the likelihood for CAR T 
cell therapy to be successful. One is to determine the expression of target antigen on 
the patient’s leukemia cells. If there is a pre-existing antigen-negative population, 
CAR T cell therapy will not effectively eradicate the disease, and alternative 
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therapies should be sought. Additionally, a patient must have adequate T cells to 
collect. In certain subgroups of patients, manufacture of an autologous CAR T cell 
product remains a challenge. Infants with refractory leukemia may not be able to 
feasibly undergo apheresis or other cell collection protocol given their smaller size. 
Patients may have poor bone marrow function related to prior disease-directed ther-
apy or ongoing active disease, which precludes recovery of peripheral lymphocytes. 
Certain chemotherapy agents are strongly lymphodepleting, such as clofarabine and 
fludarabine. Proximal use of these agents prior to apheresis may inhibit successful 
manufacturing and should be avoided when CAR T cell therapy is being considered. 
Some groups have started recommending apheresis, cryopreservation, and storage 
of mononuclear cells for high-risk patients, with the possibility of later pursuing 
CAR T cell therapy.

 Universal Products

For patients in whom lymphocytes are not able to be collected or waiting the 
required time for cell manufacturing is not feasible, alternative therapies are needed. 
One possible solution is the manufacture and delivery of an “off-the-shelf” alloge-
neic CAR T cell product. Allogeneic T cells must first be modified to reduce the risk 
of graft-versus-host disease (GVHD) in the recipient, as well as to mitigate the risk 
of the T cells being rejected. UCART19 is an allogeneic T cell product with TALEN- 
mediated knockout of the constant region of the T cell receptor α chain and disrup-
tion of CD52, rendering these T cells resistant to alemtuzumab while also lacking 
expression of a native TCR.  Loss of the TCR minimizes the risk of developing 
GVHD, and knockout of CD52 allows for significant lymphodepletion with alemtu-
zumab to prevent rejection of the allogeneic T cells by the host. Preliminary results 
in two infants with refractory B-ALL treated with UCART19 demonstrated remis-
sion and subsequent ability to proceed with transplant [35]. Pooled clinical trial data 
of 20 patients on adult and pediatric clinical trials of UCART19 were presented at 
ASH in 2018 (NCT02746952 and NCT02808442) [36]. No expansion of UCART19 
was observed in three patients who did not receive alemtuzumab, due to presumed 
rejection of the product by the patient. Fourteen of sixteen patients who received 
alemtuzumab achieved a CR or CRi, of which 86% (12 of 14) were MRD negative. 
Two grade 1 skin GVHD events were reported, of unclear attribution to the 
UCART19 cells. Because UCART19 has a relatively short engraftment with a 
median duration of persistence of 28  days, patients must be quickly bridged to 
transplant. Although these findings are encouraging, UCART19 does not seem as 
efficacious as autologous CAR T cells for B-ALL with the currently available data 
and requires significant lymphodepletion which carries the risk of severe viral 
infections.

CAR-expressing natural killer (NK) cells from the group at MD Anderson have 
been recently described. NK cells can exhibit lytic function through CAR expres-
sion, similar to cytotoxic T cells. Additionally, NK cells do not require HLA 
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matching, allowing for a universal cell product without the requirements for addi-
tional gene modification. Eleven adult patients with relapsed or refractory CD19+ 
cancers (B-NHL or CLL) were treated with HLA-mismatched anti-CD19 CAR-NK 
cells derived from cord blood on a phase 1/2 trial [37]. In addition to CAR expres-
sion, the CAR-NK cells were manufactured to secrete IL-15 to enhance in  vivo 
expansion and persistence and contained an inducible caspase-9 to trigger apoptosis 
in the case of toxicity. Following infusion, no associated CRS, neurotoxicity, or 
GVHD was observed among three dose levels. Eight of 11 patients (73%) had a 
response, and 7 (4 with B-NHL and 3 with CLL) had a CR. Importantly, CAR-NK 
cells demonstrated expansion and persistence at low levels for at least 12 months. 
CAR-NK products could have future applicability for B-ALL with multiple advan-
tages over off-the-shelf CAR T cells, including the ability to generate many prod-
ucts from a single cord unit, off-the-shelf timely availability, and a low toxicity 
profile. It is unclear how CAR-NK cells would compare overall with autologous 
CAR T cells.

 Advances in Manufacturing Platforms

Manufacturing failure rates of up to 25% have been reported, thought to be related 
to the quality of the lymphocytes collected. In order to overcome manufacturing 
failure, a variety of groups have focused on manufacturing platforms that can rescue 
poor starting material and potentially provide a more homogenous final product. 
Non-T cells, such as monocytes, that are obtained at the time of apheresis and pres-
ent at the initiation of cell culture, can be inhibitory toward cell expansion. One 
potential benefit to the upfront selection of T cells is the depletion of monocytes and 
other potentially inhibitory cells from culture. The addition of homeostatic cyto-
kines such as IL-7 and IL-15 has been shown to rescue a poorly expanding product 
[38]. In a pediatric trial of CD19 CAR T cells, the manufacturing success rate was 
100% in a group of heavily pretreated patients with the combination of upfront T 
cell selection and use of IL-7 and IL-15 in culture [28].

The CD22 CAR T cell trial at the NCI made a manufacturing change midway 
through their phase 1 trial. After a manufacturing failure, the manufacturing plat-
form was amended to include upfront T cell selection prior to initiation of expan-
sion [39]. This change led to not only higher rates of manufacturing success but also 
a more potent product. The trial then underwent dose de-escalation to accommodate 
the higher potency of the product.

Because persistence of the CAR T cell product is of the utmost importance in 
providing a durable remission, defining CAR T cell product attributes that are capa-
ble or predictive of long-term engraftment is desirable. Aside from the already 
defined addition of 4-1BB co-stimulation to the CAR construct to prevent exhaus-
tion, there may be specifics of manufacturing that enable long-term persistence of a 
product. One example is the manufacture of CAR T cells from central memory 
CD8+ T cells (TCM) via lineage marker selection [40], based on prior data 
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demonstrating that TCM have enhanced in vivo persistence [41]. Similar work has 
shown that there may be advantages to using naïve T cells as the starting T cell 
population [42]. At this time, it remains unclear if selecting specific T cell popula-
tions leads to enhanced persistence of CAR T cell products.

Another emerging advantage of upfront selection is that it can effectively remove 
leukemia blasts from the cell culture. A case report described the unintentional 
transduction of a leukemia cell that resulted in a CAR-expressing leukemic clone. 
Nine months following infusion, a patient experienced relapse, and the leukemic 
cells were noted to express both the CAR and CD19; however, the expression of the 
CAR on the leukemic cell surface bound to the CD19, preventing its recognition by 
CAR+ T cells [43].

 Identification of Risk Factors for Lack of Response

In addition to manufacturing challenges, new insights have indicated product and 
leukemia intrinsic factors as barriers to response to CAR T cell therapy. One report 
found that higher LAG-3 expression and lower TNFα production in the starting T 
cell product were associated with lack of a response [30]. If further validated, this 
could potentially prospectively identify patients who are less likely to respond to 
autologous CAR T cell therapy. The same study showed that there were product 
characteristics that predicted more durable engraftment of the CAR T cells in 
patients. The products with long persistence had decreased TIM-3 expression and 
high TNFα production when compared to those with shortened persistence.

Early investigations are underway to identify leukemic intrinsic properties, other 
than antigen loss, that prohibit a response. Singh et al. utilized a CRISPR-based 
genome-wide loss-of-function screen to determine that impaired death receptor sig-
naling in leukemia cells causes resistance to T cell cytotoxicity, as well as impair-
ment of CAR T cell function, resulting in rapidly progressive leukemia [44]. Another 
recent report used exomic, single-cell genomic and epigenomic analyses to com-
pare four pediatric cases of dysfunctional responders versus five responders to 
CD19 CAR T cell therapy and found that CREBBP fusions, methylation-based 
upregulation of JUND/JUN regulation, and a significant increase in open chromatin 
regions correlated with dysfunctional responders [45].

 Overcoming Antigen Loss

Antigen loss is a well-reported barrier to the success of targeted therapy. CD19 
epitope and trafficking modification following blinatumomab and CD19 CAR T 
cell therapy converts CD19 to an unrecognizable antigen target, and CD22 down-
regulation has been observed following CD22-targeted therapy. At present, there is 
not a predictive algorithm for who will develop antigen escape. The first report of 
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CD19-“negative” relapse occurred in a patient who had received blinatumomab 
prior to CD19 CAR T cell therapy, leading to questions about the relationship of 
successive CD19 antigen targeting and development of CD19-negative disease [46]. 
A retrospective analysis of 166 patients receiving CD19 CAR T cells showed that 
the brightness of CD19 antigen expression did not impact response to CAR T cell 
therapy as long as the entire population was CD19 positive, but prior blinatumomab 
therapy was associated with a higher rate of failure to achieve MRD-negative remis-
sion and CD19-negative relapse [47]. Weaknesses of this study included the retro-
spective nature as well as the small number of patients who were treated with 
blinatumomab prior to CAR T cell therapy. Conversely, a retrospective review of 24 
adult patients treated with CD19 CAR T therapy showed no impact of prior blinatu-
momab on response [48]. As the immunotherapy field evolves, it will be important 
to prospectively identify factors that are predictive of CD19 antigen escape.

To address the issue of CD22 site density downregulation after CD22 targeting 
therapy, certain compounds such as bryostatin 1 are reported to upregulate CD22 
and may provide increased efficacy of CD22 targeting therapy [49, 50]. Although 
CD19 and CD22 are the most commonly used targets for B-ALL, additional targets 
are also being developed. These include TSLPR, which is often overexpressed in a 
subset of Philadelphia-like ALL [51], CD123 [52], and BAFF-R [53]. Using mul-
tiple targets and pharmacologic upregulation of a target may both be strategies to 
overcome antigen escape or potentially limit the impact of antigen loss on durable 
remissions.

Multiple groups are investigating dual-targeting CAR therapy, and the most 
experience has been targeting both CD19 and CD22. Some have used a tandem 
CAR approach, with a bivalent construct containing both CD19 and CD22 scFvs in 
the extracellular domain and a single intracellular signaling domain. Clinical trials 
for both adults and pediatrics are underway (NCT03241940 and NCT03233854), 
and results were presented at ASH 2019 [54]. Eleven of twelve evaluable patients 
achieved a CR, and 3 patients subsequently relapsed with CD19+ disease; however, 
CD19-negative relapses were also reported. Another option is to incorporate two 
CARs in a single T cell. One approach uses dual transduction of two separate vec-
tors, each encoding for a single CAR construct. This technique results in a hetero-
geneous population of T cells with both single and dual CAR expression, and 
preliminary results show an 83% CR rate in a phase 1 trial (NCT03330691) [55]. 
AUTO3 is a product manufactured with a bicistronic construct, resulting in one 
population of dual expressing CD19 x CD22 CAR T cells. Preliminary results from 
the phase 1 study of AUTO3 reported that seven of seven CAR-naïve patients treated 
at the highest dose levels achieved an MRD-negative CR (NCT03289455) [56]. 
However, after a median follow-up of 8 months, four subjects had emergence of 
MRD, three of which demonstrated loss of CAR T cell persistence and one with 
CD19-negative, CD22 low expressing relapsed disease. Each of these dual- targeting 
products has demonstrated manufacturing feasibility and good tolerability; how-
ever, it has yet to be demonstrated that dual-targeting CAR T cell products provide 
a more durable remission. Whether dual targeting can maintain the same level of 
specificity for each of the targets remains to be seen.
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 Promoting Long-Term Persistence

Early loss of persistence is a barrier to CD19 CAR T cell success and increases the 
risk for CD19+ relapse. Aside from the abovementioned product-related pheno-
types and CAR constructs that may help predict long-term CAR T cell engraft-
ment, one report demonstrated that low CD19 antigen burden (<15% CD19+ cells 
prior to CAR T cell infusion, inclusive of malignant and normal B cells) increases 
the risk of early loss of persistence [28]. An ongoing pilot clinical trial provides 
episodic antigen stimulation to CD19 CAR T cells in  vivo through the use of 
patient-derived, CD19-expressing T cell antigen-presenting cells (T-APCs) 
(NCT03186118). Secondary expansions of CD19-specific CAR T cells have been 
observed following sequential doses of CD19 T-APCs [57]. The first 12 treated 
subjects, all with a predictive factor to experience early loss of CAR T cell engraft-
ment by 2 months, showed prolonged engraftment with a median duration of CAR 
T cell persistence of 8.1 months. Importantly, T-APC doses have been well toler-
ated without recrudescence of CRS. As CAR T cell therapy moves toward upfront 
treatment, more patients may receive treatment in the low antigen burden setting, 
necessitating alternative therapies, such as T-APCs, to enhance long-term 
persistence.

Another explanation for short persistence of CAR T cells is the development of 
an immune-mediated rejection of the CAR construct, typically directed at the 
murine-based scFv domain [27]. To attempt to prevent this rejection, groups have 
developed humanized and fully human CD19 scFv-containing CARs. CHOP pre-
sented their results of a phase 1 trial of a humanized CD19 CAR (NCT2374333) in 
30 children and young adults, which showed an excellent 100% MRD-negative CR 
rate in CAR-naïve subjects and a 45% MRD-negative CR rate in those with prior 
CAR exposure [58]. Although encouraging responses were seen in the CAR-naïve 
group, the lack of responses to those with prior CAR exposure suggests that there 
is some overlap in epitope recognition with shared rejection responses. Several 
early phase clinical trials are underway using a fully human CD19 scFvs that do not 
share sequences with the murine-based FMC63 scFv (NCT03684889, 
NCT02659943, NCT03103971), which may further mitigate the phenomenon of 
rejection, allow for repeat infusions if necessary, and potentially prolong durable 
responses.

Finally, blinatumomab has been given in combination with checkpoint inhibi-
tors to attempt to enhance efficacy (NCT02879695, NCT03605589), with promis-
ing tolerability reports [59]. Similarly, ongoing early phase clinical trials are 
investigating the use of checkpoint blockade with pembrolizumab or nivolumab 
following CAR T cell therapy (NCT02879695, NCT04205409). In one report, 
three of six patients with early B cell recovery had return of B cell aplasia follow-
ing checkpoint blockade, suggesting return of functional persistence of CAR T 
cells, and two of four subjects with bulky extramedullary disease and ongoing 
systemic functional persistence had complete responses following checkpoint 
blockade [60].
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 CAR T Cell Therapy Indications and Role 
of Consolidation Therapy

With initial FDA approval of tisagenlecleucel for refractory and second or greater 
relapse, many groups are now interested in how to further develop this therapy and 
expand the indications. In partnership with Novartis, the Children’s Oncology 
Group is now conducting a study (NCT03876769) to administer tisagenlecleucel to 
those pediatric and young adult patients who are MRD positive at the end of con-
solidation. This group of patients has inferior outcomes with standard chemother-
apy with 5-year disease-free survival of <40% [61].

A controversial question is whether additional therapy is warranted following 
CAR T cell-induced remission. In part, this is determined by the target antigen of 
the CAR T cells and the patient. With CD19 targeting, it is now clear that a subset 
of patients can be cured with CAR T cell therapy. However, the ability to prospec-
tively determine who will be cured has been elusive. Patients with functional CAR 
T cell persistence are protected against CD19-positive relapse but remain at risk for 
CD19-negative disease. For these reasons, various groups have sought to define the 
role for consolidative transplant following CD19-directed CAR T cell therapy.

In a landmark analysis of the UPENN trial, adult subjects who underwent con-
solidative hematopoietic cell transplant (HCT) had superior leukemia-free and over-
all survival [31]. In the FHCRC trial, adult subjects who underwent HCT after CAR 
T cell therapy saw a protective impact on EFS with a hazard ratio of 0.39 (P = 0.088) 
[62]. Both of these trials utilized constructs with 4-1BB co-stimulation. In contrast, 
there was no benefit of HCT shown in adults in long-term follow-up of the MSKCC 
trial [29]. The SCH trial showed that there was an advantage to consolidation with 
HCT after CAR T cell therapy (P = 0.01) in pediatric patients. This effect was con-
centrated among those who had not received a prior HCT, with 2-year leukemia-free 
survival (LFS) of 91% versus 33% (P = 0.005). Among those with early loss of 
CAR T cell persistence (prior to 2  months), those who underwent consolidative 
HCT showed an improved LFS, regardless of prior history of HCT (P = 0.003) [63]. 
However, these reports should be interpreted with caution, due to the non- 
randomized assignment of consolidative HCT.

In an analysis of patients on the ELIANA trial, those who were MRD negative 
by next-generation sequencing (NGS) at 1-month post-CAR T cell infusion had a 
PFS of 80% compared to 30% [64]. This may represent one tool to distinguish those 
who may benefit from additional therapy post-CAR T cells; those who obtain early 
NGS negativity have a higher chance of long-term remission without further ther-
apy. Similarly, in the adult FHCRC study, those who were NGS MRD negative by 
3  weeks after CAR T cell infusion had improved EFS with median of 8.4 vs. 
3.6 months (P = 0.036) [65].

The role of transplant is likely to vary based on the population and the target. 
Because down-modulation of CD22 following CD22 CAR T cell therapy is nearly 
universal, the ability to stay in remission without additional therapy is negligible 
[34]. For this reason, it is generally recommended to proceed with HCT following 
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CD22-directed CAR T cell therapy, regardless of CAR T cell persistence or history 
of prior transplantation.

 Toxicity and Management of Toxicity

Cytokine release syndrome (CRS) and neurotoxicity, now termed immune effector 
cell-associated neurotoxicity syndrome (ICANS), are the two most common and 
severe toxicities associated with CAR T cell therapy in hematologic malignancies.

 Cytokine Release Syndrome

CRS is characterized by a hallmark finding of fever and is frequently accompanied 
by hypotension and respiratory compromise in the setting of elevated serum cyto-
kines, predominantly IL-6 [66]. Other lab abnormalities during CRS include eleva-
tion of acute-phase proteins such as CRP and ferritin. A consumptive coagulopathy 
is also described, though with a relatively low incidence of clinical bleeding. The 
onset of CRS generally occurs within the first 2 weeks following infusion.

Grading of CAR T cell-related toxicities has proven challenging, as the toxicity 
grading for CRS in the Common Terminology Criteria for Adverse Events (CTCAE) 
was more applicable to characterizing infusion-related reactions with monoclonal 
antibody therapy. As a result, separate groups developed independent grading scales 
for cytokine release syndrome in early CAR T cell clinical trials, making compari-
sons among groups more difficult. In 2014, Lee et al. published a suggested CRS 
grading scale, which became the most frequently adopted scale by multiple groups 
[67]. More recently, consensus guidelines on the grading of CRS were published in 
2019 by the American Society for Transplantation and Cellular Therapy (ASTCT) 
[68]. The recent publication of the consensus grading system from the ASTCT 
group will hopefully further align the grading systems across various protocols and 
products.

The severity of CRS has correlated with the dose of CAR T cells and the amount 
of disease burden prior to CAR T cell infusion across multiple studies [6, 26–28]. 
Initially, adults seemed to have more complicated CRS than pediatric patients. Over 
time, the ability to safely administer CD19 CAR T cell therapy to adults has 
improved. The group at the FHCRC has trialed disease burden-based dosing, with a 
lower dose administered to patients with high disease burden [27]. Alternatively, 
UPENN has focused on split dosing [31]. With these strategies, both groups have 
been able to retain high rates of remission while allowing for manageable toxicity.

Several algorithms have been developed to predict the development of severe 
CRS, inclusive of both clinical features and serum cytokine levels at early time 
points following infusion. One model for pediatric patients showed that disease 
burden ≥51% and early IL-10 levels >11.7457 pg/mL was 91% sensitive and 96% 
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specific for the development of severe CRS [58]. Another group demonstrated that 
fever ≥38.9 °C within 36 h after infusion and MCP-1 ≥ 1343.5 pg/mL was 100% 
sensitive and 95% predictive of ≥ grade 4 CRS in adults with CD19+ malignancies 
[69]. Further validation will be needed to determine if these algorithms are predic-
tive across varying CAR T cell products. For example, one group has already shown 
that a pediatric algorithm, while predictive for CRS after CTL019, is not predictive 
for CRS following a different CAR T cell product, SCRI-CAR19, in a similar 
patient population [70].

The first reports of treatment success for severe CRS described the administra-
tion of tocilizumab, an IL-6 receptor (IL-6R) antagonist [46]. This recombinant 
monoclonal antibody blocks the binding of IL-6 to the IL-6R, preventing IL-6 activ-
ity, but subsequently increases the serum concentration of IL-6, as clearance of IL-6 
requires binding to the IL-6R. Tocilizumab is now widely used to treat severe CRS 
associated with CAR T cell therapy [71]. In addition to IL-6 blockade, glucocorti-
coids are the most common intervention given for CRS.

The optimal timing and use of tocilizumab and steroids during CRS have yet to 
be determined. Several groups are working on the mitigation of CAR T cell toxicity, 
both during and prior to its development. Initially, there was concern that interven-
ing too early following CAR T cell infusion could negatively impact CAR T cell 
engraftment and efficacy. In Seattle, an early intervention strategy was implemented 
in which tocilizumab and dexamethasone were given for mild but persistent CRS, to 
prevent severe CRS. This small study showed that the early use of tocilizumab and 
dexamethasone led to an increase in the use of tocilizumab (22% vs. 60% of patients 
after implementation of early use) and steroids (17% vs. 25%) but resulted in an 
approximately 50% decrease in the rate of severe CRS [70]. Importantly, there did 
not appear to be any untoward effect from using tocilizumab and dexamethasone 
earlier in the course of CRS, including no increased incidence of ICANS or dimin-
ished T cell function. The rates of CAR T cell engraftment and persistence were 
maintained in patients who received intervention with tocilizumab and steroids, as 
were the rates of responses. CHOP is investigating the use of early tocilizumab 
given to children with ≥40% disease burden (NCT02906371). In the ZUMA stud-
ies, a subset of B-NHL patients who received axicabtagene ciloleucel (CD19- 
specific CAR T cells with CD28 co-stimulation) were given prophylactic 
tocilizumab. Results showed a reduction in ≥ grade 3 CRS (28% to 3%) but raised 
concern for increased neurotoxicity [72]. Several groups are working on publishing 
consensus treatment guidelines, similar to the grading guidelines, to unify the 
approach to mitigate toxicity.

 Neurotoxicity

Neurological symptoms related to CAR T cell infusion tend to occur simultane-
ously with CRS, or days to weeks following resolution of CRS, and encompass a 
wide range of symptoms and severity, including headache, tremor, confusion, 
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delirium, language disturbances, seizures, and rarely cerebral edema [73]. 
Neurological symptoms were initially thought to be a manifestation of CRS, but 
these symptoms have been described in the absence of CRS, and neurotoxicity is 
now known as a distinct toxicity. The severity of neurological toxicities has also 
been graded differently in different trials. Along with CRS consensus grading, the 
ASTCT also provided a consensus grading scale for neurotoxicity under the com-
prehensive terminology of ICANS [68].

The incidence of reported neurotoxicity has varied widely between trials and 
may be affected by differences in disease, CAR T cell product, age, interventions 
used to mitigate toxicity, and other factors. In pediatric trials, the incidence of neu-
rotoxicity has been 40–44% (13–21% ≥ grade 3) using a 4-1BB CAR construct and 
30% (5% ≥ grade 3) with a CD28 construct [21, 26, 28]. Adult trials using a 4-1BB 
construct have reported neurotoxicity in 50% (50% ≥ grade 3) in ALL [27], 28–39% 
(11–28% ≥ grade 3) in B-NHL [74, 75], and 6–33% (0–25% ≥ grade 3) in CLL [76, 
77]. Adult trials using a CD28 construct have reported neurotoxicity in 44% 
(42% ≥ grade 3) in ALL [29] and up to 64% (28–45% ≥ grade 3) in B-NHL [78, 
79]. Neurotoxicity is also described after treatment with blinatumomab for ALL 
[15], leading some to suggest that neurotoxicity may be linked to targeting CD19. 
Although the incidence of neurotoxicity has been reported in up to 25% of patients 
treated with non-CD19 targeting CAR therapy in varying hematologic malignan-
cies, only 0–8% has been ≥ grade 3 [34, 80–83].

Some groups have attempted to develop a predictive algorithm for the develop-
ment of severe neurotoxicity. Gust et  al. found that adult patients with fever 
≥38.9 °C, serum IL-6 ≥ 16 pg/mL, and MCP-1 ≥ 1343.5 pg/mL in the first 36 h 
after CAR T cell infusion were at high risk of subsequent ≥ grade 4 neurotoxicity 
following CD19 CAR T cell therapy for B-ALL, although these factors were also 
predictive of severe CRS in this patient group [84]. Santomasso et al. found that 
serum cytokine levels on day 3 following CAR T cell infusion were predictive of 
severe neurotoxicity, specifically IL-15  >  50  pg/mL, EGF (produced by plate-
lets)  <  120  pg/mL, and IL-10  >  200  pg/mL [85]. Clinical predictors of ICANS 
include the occurrence of severe CRS.

Due to the lack of definitive cause of ICANS, treatment and management of 
ICANS are unclear. Unlike CRS, neurotoxicity does not appear to be responsive to 
tocilizumab. Additionally, since tocilizumab is not thought to cross the blood-brain 
barrier (BBB), and administration of tocilizumab is predicted to increase serum 
IL-6 levels following its administration, some groups have avoided use of tocili-
zumab in neurotoxicity. However, the role of elevated levels of IL-6 in neurotoxicity 
has not been established. For now, glucocorticoids, either dexamethasone or high- 
dose methylprednisolone, remain the standard for treatment of ICANS.

The role of CAR T cells present in the CSF in neurotoxicity also remains unclear. 
There does not appear to be a correlation with neurotoxicity and central nervous 
system (CNS) disease involvement. Although it has been shown that CAR T cells 
egress into the CSF, CAR T cells are detected in the CSF of both patients with and 
without neurotoxicity [86]. In a non-human primate model of neurotoxicity follow-
ing CD20 targeting CAR T cells, both CAR and non-CAR T cells were seen in the 
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CSF as well as the brain parenchyma at necropsy, and pan-encephalitis with pro- 
inflammatory cytokines was postulated as the driver of neurotoxicty [87]. Other 
proposed mechanisms include endothelial injury and disruption of the BBB. Patients 
with severe neurotoxicity have demonstrated elevated biomarkers of endothelial cell 
activation (Ang-2 and von Willebrand factor), systemic capillary leak, and disrup-
tion of the BBB [84].

It remains unclear if the pathophysiology of cerebral edema development is dif-
ferent from that of the other neurological symptoms associated with CAR T cell 
therapy. Acute cerebral edema represents a rare but life-threatening subset of cases 
of neurotoxicity and has only been reported following CD19 CAR T cells. Five fatal 
cases of cerebral edema resulted in the early termination of one clinical trial inves-
tigating CD19-specific CAR T cells (JCAR015) in adult ALL [88], though cerebral 
edema has been reported in other trials as well [75, 84]. The investigation of 
JCAR015 reported that cerebral edema was associated with rapid early expansion 
of CAR T cells and a rise in serum IL-15 levels. In two cases at autopsy, breakdown 
of the BBB was evident, with endothelial damage, astrocyte damage, and microglial 
activation, although CAR T cell infiltration was not seen. Autopsy of another case 
without neurotoxicity did not show breakdown of the BBB. Prior CNS radiation, 
CNS disease, intrathecal chemotherapy, transplant, and blinatumomab were not 
associated with development of cerebral edema [88].

As clinical trials have begun to empirically treat CRS and ICANS, more work 
has focused on the development of animal models to gain further insights into 
mechanisms and uncover new treatment strategies. In a mouse model of CRS fol-
lowing human CAR T cell infusion, researchers found that CAR T cells appear to 
recruit and activate murine myeloid cells [89]. Further, although GM-CSF and 
IFN-γ were produced from the human CAR T cells, other cytokines such as IL-6 
were of murine origin, and IL-6 was specifically produced by tumor-associated 
macrophages. RNA-seq data also demonstrated upregulation of IL-1R1 in tumor- 
associated myeloid cells during CRS, which is required for functional IL-1 signal-
ing. Both IL-6 blockage and IL-1 blockade abrogated CRS-related mortality in this 
model. In a humanized mouse model engrafted with human hematopoietic stem and 
progenitor cells (HSPCs), CAR T cells were engineered from engrafted T cells and 
produced a reliable model of CRS and ICANS when challenged with human leuke-
mia cells [90]. CAR T cells released GM-CSF and TNF-α upon tumor recognition, 
whereas monocytes were found to be the main source of IL-1 and IL-6 during 
CRS. Monocyte depletion abrogated CRS, but also impeded CAR T cell expansion 
and anti-leukemia effect. In this model, both tocilizumab and anakinra, adminis-
tered either prophylactically prior to CAR T cell infusion or after onset of fever 
following infusion, were effective at preventing CRS without impeding leukemia 
clearance. Interestingly, only anakinra was effective at abrogating delayed neuro-
toxicity in this model, both in the prophylactic and treatment settings.

Several clinical trials are now investigating the use of anakinra, a synthetic IL-1 
receptor antagonist, to mitigate or prevent the development of CRS and/or neuro-
toxicity in patients with B-ALL or B-NHL (NCT04148430, NCT04205838, 
NCT04150913). Hopefully, continued experience and gained knowledge will lead 
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to predictive models and effective interventions that will ultimately diminish the 
rates of severe CRS and neurotoxicity.

 Infectious Complications

Patients receiving CAR T cell therapy are at risk for infectious complications. This 
is in part due to an immunocompromised state prior to treatment, compounded by 
the use of lymphodepleting chemotherapy, and followed by ongoing B cell aplasia 
related to functional CAR T cell persistence. There is also a subset of patients who 
experience prolonged bone marrow aplasia following CAR T cell infusion that is 
not related to their underlying disease and may render these patients at higher risk 
of infection. Recommendations for immunoglobulin replacement for ongoing hypo-
gammaglobulinemia related to B cell aplasia have varied based on patient popula-
tions, with pediatric providers more frequently providing replacement. Further 
investigations are needed to optimize the screening and prevention of CAR T cell- 
related infections.

 Conclusions

The landscape of treatment for relapsed and refractory B-ALL has forever been 
changed with the advent of CAR T cell therapy. With improved toxicity profiles and 
greater understanding of the biology of CRS and ICANS, higher-risk patients, 
including adults, will be able to safely receive CAR T cell therapy. As the field 
advances, additional targets may be validated and multi-targeted approaches taken. 
With more experience, “off-the-shelf” products are likely to become more refined, 
expanding access of CAR therapy to greater numbers of patients. Ultimately, it 
seems increasingly likely that CAR T cell and other immunotherapy treatments will 
replace at least parts of conventional treatment in the near future.
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Chapter 16
Hematopoietic Stem Cell Transplantation 
in Adults with Acute Lymphoblastic 
Leukemia

Erik L. Kimble and Ryan D. Cassaday

 Introduction

Despite significant advances in the frontline management of acute lymphoblastic 
leukemia (ALL) in adults, relapse rates remain high, and long-term survival rates 
are inferior compared to children. Allogeneic hematopoietic stem cell transplanta-
tion (HSCT) has established an important role in the treatment of patients with ALL 
and offers the potential to improve rates of long-term remission or cure. However, 
the decision to proceed to HSCT in first remission has become increasingly com-
plex, as the optimal candidates and timing of HSCT are controversial. Furthermore, 
while HSCT has historically been considered the only therapy associated with a 
realistic chance of long-term survival in relapsed/refractory disease, the develop-
ment of more potent novel agents may be changing this viewpoint. This chapter will 
review the evolving role of HSCT in adult patients with ALL.

 Current Indications for HSCT in ALL

HSCT certainly offers a survival benefit in a selected group of adult patients with 
ALL. In general, HSCT is considered the standard of care for the treatment of ALL 
in CR2. In CR1, HSCT has traditionally been reserved for patients with high-risk 
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features, although the definition of “high-risk” has evolved over time, and different 
criteria have been used in clinical trials and across transplant centers (Table 16.1).

Recently, there has been an increasing emphasis on the evaluation of post- 
induction MRD, as it has proven to be the most important prognostic factor for 
relapse in ALL and is independent of the presence of some conventional risk factors 
at diagnosis. As experience with the use of pediatric-inspired regimens in young 
adults has increased, there is now increasing equipoise around the decision-making 
for ALL in CR1. In this subgroup of patients, the evaluation of MRD is critical and 
is heavily weighted in the decision for HSCT.

Evidence-based reviews and consensus recommendations have been published 
and recently updated [1–4]. Current recommendations highlight the finding that 
HSCT is believed to offer a survival advantage compared to chemotherapy in high- 
risk patients and in those in CR2. Disease-related outcomes for patients with MRD- 
positive CR are often inferior to patients without MRD, and HSCT may improve 
outcomes for these patients. It has become increasingly clear that for adult patients 
with MRD-negative CR after pediatric-inspired chemotherapy protocols, the use of 
HSCT in CR1 may not be required despite the presence of other high-risk factors. 
The latest consensus recommendations of the American Society for Transplantation 
and Cellular Therapy (ASTCT) for the indication for HSCT in adults with ALL are 
summarized in Table 16.2.

 HSCT Outcomes in Adults with ALL

Overall, treatment outcomes for adults with ALL have improved over the last 
30 years. This is likely attributable to improved rates of CR with optimized chemo-
therapy regimens incorporating frontline targeted agents and the adoption of 

Category Adverse risk factor

Age Varies, but minimally >35 years
High WBC >30,000 (B-ALL)/>100,000 (T-ALL)
Immunophenotype Pro-B-ALL (i.e., CD10 negative)

Early and mature T-ALL
Cytogenetics/
molecular genetics

Complex karyotype
Low hypodiploid/near tetraploid
t(4;11)/KMT2A-AF4
t(9;22)/BCR-ABL
t(1;19)/E2A-PBX1
Other KMT2A rearrangements
BCR-ABL1-like or Ph-like
IKZF1 deletion
Unmutated NOTCH1

Miscellaneous CNS involvement
Treatment response Late CR (>1 cycle)

MRD-positive remission (>10−3)

Modified from Hoelzer et al. [146]

Table 16.1 High-risk 
factors in adult ALL
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pediatric-inspired regimens in young adults, improved risk stratification with the 
use of MRD, the development of novel therapies for relapsed or refractory disease, 
progress in HSCT, and improvements in supportive care [5]. OS after HSCT, which 
incorporates transplant-related mortality (TRM) and the impact of relapsed disease, 
has nearly doubled, according to data from the Center for International Blood and 
Marrow Transplant Research (CIBMTR). The 3-year OS after a matched sibling 
donor (MSD) HSCT is now 61%, 40%, and 29% for adult patients with early, inter-
mediate, and advanced disease, respectively. Matched unrelated donor (MUD) 
HSCTs showed similar outcomes [6].

Despite these advances, whereas the long-term OS in children with ALL is cur-
rently approaching 90%, adults with ALL have a higher risk of relapse and long- 
term survival rates of 30–60% [5, 7–9]. This discrepancy is likely multifactorial. As 
adults are poorly tolerant of intensive chemotherapy regimens, less intensive regi-
mens are often utilized in older populations. In addition, there are biological differ-
ences in the disease, with adults presenting more often with high-risk features that 
are associated with an increased risk for relapse.

 Transplantation Versus Chemotherapy

There is conflicting evidence in the literature defining the role of allogeneic HSCT 
in management of ALL. Generally, trials have attempted to stratify patients into 
dichotomous risk-defined groups (i.e., high-risk vs low-risk); however, there is sig-
nificant variability in the definition of high-risk, which contributes to inconsisten-
cies in reported outcomes due to various confounders. Thus, the applicability of trial 
data for clinical decision-making is hindered.

Another issue inherent to historical HSCT trials for ALL is that there is no true 
randomization; rather, patients were often allocated to treatment based on the avail-
ability of a suitable donor, a process known as genetic randomization. The assump-
tion is made that the availability or non-availability of a donor is sufficiently random 

Clinical scenario HSCT recommended

Ph-negative ALL
   Standard-risk CR1 Unclear
   High-risk CR1a Yes
   CR2 or later Yes
   Refractory Unclear
   MRD-negative CR1 after pediatric-

inspired regimens
No

Ph-positive ALL
   CR1 if received TKI Yes
   MRD-negative CR1 and received TKI Unclear

Adapted from DeFilipp et al. [3]
aIncludes MRD-positive CR1

Table 16.2 Evidence-
based indications for 
transplant in patients 
with ALL
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that the results of the trial would mimic a purely randomized trial. Of course, this 
type of randomization is subject to confounding as well.

 Transplantation in CR1

A summary of the major trials evaluating allogeneic HSCT vs chemotherapy or 
autologous HSCT can be found in Table 16.3. The LALA-87 trial compared post- 
remission therapy strategies for unselected adult ALL patients. They investigated 
the use of allogeneic HSCT, autologous HSCT, or consolidation chemotherapy for 
adult patients with ALL in CR1. Patients underwent genetic randomization, and 
thus, those who were <40 years old and had a MSD were allocated to allogeneic 
HSCT. Other patients received either an autologous HSCT or further consolidation. 
There was no demonstrable benefit for autologous HSCT vs maintenance chemo-
therapy as a post-remission strategy [10]. In a donor versus no-donor comparison of 
the allogeneic HSCT-eligible group, there was no significant difference in disease- 
free survival (DFS) or OS at 5 years. However, a subgroup analysis demonstrated 
that high-risk patients (defined as Ph positive, CD10−/CD20− phenotype, 
age > 35 years, WBC > 30 × 109/L, or time to CR >4 weeks) had superior OS and 
DFS after allogeneic HSCT compared with the control group [11, 12].

The LALA-94 trial then utilized a risk-adapted approach where allogeneic HSCT 
was considered only in high-risk patients with an available donor. In the donor vs 
no-donor analysis, allogeneic HSCT was associated with an improvement in DFS 
[13]. Subsequent studies comparing allogeneic HSCT, autologous HSCT, and che-
motherapy in CR1 for high-risk ALL were conducted by the PETHEMA and 
EORTC groups; however, neither study was able to identify a differential survival 
benefit to HSCT [14, 15].

The benefit of allogeneic HSCT in standard-risk ALL was demonstrated in the 
UKALLXII/ECOG 2993 trial. In an intent-to-treat, donor vs no-donor analysis, 
Ph-negative ALL patients with a donor had an improved 5-year OS and lower 
relapse risk. However, subgroup analysis demonstrated that the survival benefit was 
limited to the standard-risk patients, and this benefit was not extended to the high- 
risk population (defined as Ph positive, age > 35 years, and WBC ≥30 × 109/L for 
B-ALL or ≥ 100 × 109/L for T-ALL). The lack of survival benefit in the high-risk 
population was attributed to an increased non-relapse mortality (NRM) [16].

A Cochrane systematic review and meta-analysis of 14 controlled trials using a 
donor vs no-donor comparison for adult ALL in CR1 showed improved DFS and 
OS in the patients with an available donor [17]. In 2013, Gupta et al. published a 
meta-analysis with the incorporation of individual patient data. It suggested that 
there is a 10% absolute overall survival benefit favoring HSCT in CR1 for patients 
with Ph-negative ALL who are <35 years old (OR 0.79, p = 0.0003). Otherwise, 
there were no differences in survival associated with other patient- and disease- 
related variables (Fig. 16.1) [18].
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Test for heterogeneity (18 groups): χ2
17 =16.8; P = 0.5

*

Overall 566/1097
(51.6%)
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(57.7%)
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No donor
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99% or 95% limits

Fig. 16.1 Meta-analysis supporting the benefit of allogeneic HSCT in a donor vs no-donor com-
parison of Ph-negative ALL. Reprinted from “Allogeneic, but not autologous, hematopoietic cell 
transplantation improves survival only among younger adults with acute lymphoblastic leukemia 
in first remission: an individual patient data meta-analysis,” by Gupta et al. (2013), Blood, Vol. 
121, No. 2, Copyright 2013. The American Society of Hematology. Reprinted with permission [18]

 Transplantation After Pediatric-Inspired Chemotherapy

In addition to disease biology, the improved outcomes seen in pediatric patients 
with ALL are due to their ability to tolerate the intensity of pediatric regimens. 
Pediatric regimens adapted for adults often contain asparaginase and more dose- 
intensive agents which are thought to contribute to higher CR rates and improved 
survival. In the GRAALL-2003 and GRAALL-2005 trials, adults <55  years old 
with high-risk ALL in CR1 after pediatric-inspired therapy were eligible for HSCT 
(high risk was defined as CNS involvement, low hypodiploidy/near triploidy, >5% 
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BM blasts after 1 week of induction, WBC > 1.0 × 109/L after pre-phase steroids, 
refractory disease requiring salvage to reach CR, MRD-positive CR by Ig/TCR 
PCR  ≥10−2, WBC ≥30  ×  109/L, KMT2A rearrangement, t(4;11) [KMT2A-AF4 
fusion], t(1;19) [E2A-PBX1 fusion], complex karyotype, or CD10− phenotype). 
Though there was an observed decrease in relapse risk associated with allogeneic 
HSCT, its effect on OS was offset by an increased NRM (HR 1.46, p = 0.001). In a 
subset analysis, allogeneic HSCT demonstrated an improvement in both OS and 
relapse-free survival (RFS) in patients with MRD-positive CR prior to transplant 
(HR 0.40, p = 0.001). This benefit was not seen in the patients who were MRD nega-
tive, indicating that early MRD response may better predict who may benefit from 
allogeneic HSCT in the context of pediatric-inspired therapy [19].

In a retrospective study from the Dana-Farber Cancer Institute, adults with 
Ph-negative ALL treated with a pediatric-inspired non-HSCT regimen were com-
pared with patients from the CIBMTR database who underwent contemporaneous 
allogeneic HSCT in CR1. Long-term incidence of relapse was similar between the 
groups; however, the allogeneic HSCT cohort had a higher TRM (37% vs 6%, 
p < 0.0001) and worse OS (45% vs 73%, p < 0.0001) [20].

Subsequently, the CALGB 10403 trial assessed the feasibility and efficacy of a 
pediatric treatment regimen for adolescent and young adult (AYA) patients with 
newly diagnosed ALL administered by adult treatment teams. The regimen was 
well tolerated and showed promising outcomes, with a 3-year EFS of 59% and esti-
mated 3-year OS of 73% (95% CI, 68–78%) [21]. In a secondary analysis, the out-
comes of those who received post-remission chemotherapy were compared with a 
contemporary matched AYA cohort from the CIBMTR database who underwent 
myeloablative allogeneic HSCT. HSCT was associated with inferior OS (HR 1.99, 
p  <  0.001), inferior DFS (HR 1.51, p  =  0.002), and increased NRM (HR 3.93, 
p < 0.001) [22].

Thus, while randomized data are lacking, these results suggest that the outcomes 
for allogeneic HSCT after pediatric-inspired therapy may be inferior compared to 
continued chemotherapy, particularly if MRD-negative CR is achieved.

 Transplantation in CR2

The outcomes of patients with relapsed ALL have been historically poor, even in 
those able to achieve a subsequent CR [23]. Retrospective data suggest that HSCT 
in unselected patients in CR2 or beyond is associated with improved survival. For 
instance, for participants in the ECOG 2993 trial who sustained their first relapse 
and had not undergone transplant in CR1, allogeneic HSCT was associated with 
improved 5-year OS compared to chemotherapy alone (23% vs <5%, respectively, 
p < 0.001) [24]. Therefore, in most patients who can achieve a CR2 or beyond, 
allogeneic HSCT has been generally considered the standard of care.

Emerging novel therapies are associated with increased CR rates in the salvage 
setting, allowing more patients to successfully proceed to transplant in CR. Whether 
HSCT is still needed in these patients is an area of active investigation [5]. MRD 
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retains its prognostic significance in CR2, and perhaps the use of MRD to allocate 
patients to transplant after salvage therapy may improve outcomes [25].

 HSCT for Refractory Disease

Patients with refractory disease have an exceedingly poor prognosis. When trans-
planted in this context, historical OS is between 16 and 25% [26, 27]. Therefore, 
HSCT in patients with active disease is rarely recommended, and clinical trial par-
ticipation should be encouraged when possible. Innovative strategies to improve the 
efficacy of HSCT in refractory disease, such as radioimmunotherapy with 
131I-anti-CD45 prior to HSCT conditioning, are in development and hold promise 
for improved long-term outcomes [28].

 Philadelphia Chromosome-Positive ALL

The t(9;22), also known as the Philadelphia chromosome, is the most common 
recurrent cytogenetic abnormality in adults with ALL, and it has historically been 
associated with poor long-term outcomes [29, 30]. Thus, early HSCT trials stratified 
patients with this cytogenetic abnormality into the high-risk cohorts.

The treatment and outcomes of Ph-positive ALL have changed dramatically 
since the introduction of tyrosine kinase inhibitors (TKIs). In the pre-TKI era, sev-
eral studies demonstrated the superiority of allogeneic HSCT over autologous 
HSCT or chemotherapy alone [13, 31, 32]. In the LALA-94 trial, the 3-year OS of 
patients with Ph-positive ALL with a donor was double that of the no-donor groups 
(36% vs 17%, respectively, p = 0.009) [13, 32]. Similar improvements in survival 
were seen in the UKALLXII/ECOG 2993 study, although the donor vs no-donor 
analysis did not achieve statistical significance. Since then, allogeneic transplant 
has remained the standard consolidation strategy for Ph-positive ALL.

After several publications demonstrated the safety and potential benefit of ima-
tinib in ALL, the UKALLXII/ECOG 2993 study was amended to incorporate ima-
tinib in combination with chemotherapy upfront in patients with Ph-positive ALL 
[33–37]. Patients then proceeded to allogeneic HSCT if they had a suitable 
donor. Imatinib was restarted post-HSCT and continued for 2 years. Compared to 
the pre-imatinib cohort, patients in this study had improved CR rates, and there was 
a marked improvement in 4-year OS in patients who received an allogeneic HSCT 
compared to those who did not (50% vs 19%, respectively). RFS was also signifi-
cantly improved (69% vs 18%, respectively) [38]. In the GRAAPH-2005 study, 
allogeneic HSCT after imatinib plus either hyper-CVAD or reduced-intensity induc-
tion was also associated with significant benefits in RFS and OS [39].

A recent US intergroup study evaluated the safety and efficacy of dasatinib in 
adult patients <50 years old with Ph-positive ALL. Patients who achieved a CR1 
after hyper-CVAD and dasatinib induction underwent TBI-based allogeneic HSCT 
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if a donor was available. Others received standard maintenance chemotherapy. A 
landmark analysis, performed 175 days after CR1, showed a sustained benefit in 
favor of allogeneic HSCT vs no HSCT, with improved OS (HR 0.35, 95% CI 
0.12–0.97) and RFS (HR 0.42, 95% CI 0.18–0.97) (Fig. 16.2) [40].

Perhaps one of the major limitations of these trials was the absence of data 
regarding MRD prior to HSCT. This precludes our ability to draw conclusions about 
the benefit of HSCT in patients who are MRD negative. There are accumulating 
data that suggest that patients who receive a TKI with adult-inspired chemotherapy 
and achieve a CR with no detectable BCR/ABL1 transcript (complete molecular 
response or CMR) have superior OS compared to those who did not [41, 42]. Recent 
studies assessing the efficacy of newer-generation TKIs, such as ponatinib, com-
bined with chemotherapy upfront, show encouraging outcomes even in the absence 
of HSCT [43]. However, prospective randomized data are lacking.

N = 40, relapses/deaths = 9 N = 40, deaths = 6

No protocol transplant, N = 40, deaths = 13
Protocol transplant, N = 38, deaths = 5

No protocol transplant, N = 40, events = 17
Protocol transplant, N = 38, events = 8

Log-rank p-value = 0.037Log-rank p-value = 0.038

Months since transplant Months since transplant

Months since landmark date (175 days after CR/CRI)Months since landmark date (175 days after CR/CRI)
50 5040 4030 3020 2010 100 0

50 6040302010050 60403020100

Landmark relapse-free survival, 175 days
after CR/CRI

Relapse-free survival after protocol transplant

Landmark overall survival, 175 days
after CR/CRI

Overall survival after protocol transplant

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

a b

c d

Fig. 16.2 Landmark analysis of adults with Ph-positive ALL treated with hyper-CVAD and dasat-
inib followed by protocol HSCT. (a) RFS after protocol-specified HSCT. (b) OS after protocol-
specified HSCT. (c) RFS; landmark analysis of HSCT versus no HSCT; hazard ratio (HR) 0.42, 
95% CI (0.18–0.97). (d) OS; landmark analysis HSCT versus no HSCT; HR 0.35, 95% CI 
(0.12–0.97). Reprinted from “US intergroup study of chemotherapy plus dasatinib and allogeneic 
stem cell transplant in Philadelphia chromosome positive ALL,” by Ravandi et al. (2016), Blood 
Advances, Vol. 1, No. 3, Copyright 2016. The American Society of Hematology. Reprinted with 
permission [40]
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Overall, the results and pitfalls of these trials illustrate the current controversy of 
allogeneic HSCT in the era of modern TKIs. Whereas allogeneic HSCT in CR1 
remains the standard approach to patients with Ph-positive ALL, its benefits merit 
careful consideration. This is particularly true for those patients who achieve a CMR.

 T-Cell ALL

T-ALL is a rare entity representing 25% of all new cases of adult ALL. The out-
comes with chemotherapy alone are generally considered superior to the B-cell 
ALL counterpart [44]. Allogeneic HSCT is typically recommended in CR2, 
although it can be considered in CR1 if there are high-risk features [45].

Data on the outcomes of allogeneic HSCT in T-ALL are limited. In a subgroup 
analysis of the UKALLXII/ECOG 2993 trial, MSD HSCT for patients in CR1 with 
T-ALL was associated with improved 5-year OS (61% vs 46%, p  =  0.02) and 
decreased relapse risk. Overall, having a donor had a similar effect on protection 
from relapse in patients with T-ALL (25 vs 51%, p < 0.001) vs B-ALL (30 vs 55%, 
p < 0.001) [46]. A more recent multicenter retrospective study suggested that the 
5-year OS of adults with T-ALL who underwent allogeneic HSCT in CR1 was 44% 
and the corresponding cumulative incidence of NRM and relapse was 25% and 
38%, respectively. Those in CR2 and beyond had similar outcomes [47].

There has been much interest in the early T-cell precursor (ETP) subtype T-ALL 
which is associated with chemotherapy resistance and inferior outcomes [48]. In 
adults treated in the GRAALL-2003 and GRAALL-2005 studies, there was no dif-
ference in outcomes in ETP T-ALL vs non-ETP subtypes. This was due in large part 
to the high rate of allogeneic HSCT in CR1, suggesting that early HSCT may abro-
gate the poor prognosis of ETP T-ALL [49].

 Factors Impacting Outcomes of HSCT for ALL

 Preparative Regimen

The optimal preparative regimen for allogeneic HSCT in the treatment of ALL 
remains unknown. The ideal regimen for an individual patient will maximize 
disease- related outcomes while minimizing TRM and long-term toxicity. Total 
body irradiation (TBI)-based regimens are considered the standard by many, as TBI 
has several advantages including its effectiveness against resistant leukemic cells, 
the ability to treat sanctuary sites, and the reported increased immunosuppressive 
properties compared to chemotherapy alone [50]. Historically, the most commonly 
used ablative regimen has been cyclophosphamide (Cy) and full-intensity TBI 
(12 Gy) [51, 52]. Over the years, there have been several attempts to optimize con-
ditioning regimens for the treatment of ALL.
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In an effort to improve the efficacy of conditioning and potentially impact 
disease- related outcomes, investigators from the City of Hope developed the etopo-
side (VP16)/TBI regimen [53]. A retrospective study in 2006 suggested an advan-
tage in substituting VP16 for Cy for the treatment of ALL in CR2, particularly if the 
TBI dose was <13 Gy. There was no difference between Cy/TBI and VP16/TBI in 
CR1 [54]. A recent comparison of VP16 vs Cy in combination with TBI was per-
formed using data from the European Society for Blood and Marrow Transplantation 
(EBMT) registry. It included only adults with Ph-negative ALL in CR1 or CR2. The 
use of VP16/TBI was associated with a reduced incidence of relapse at 5 years (17% 
vs 30%, p = 0.007), increased LFS (60% vs 50%, p = 0.04), and improved graft- 
versus- host disease- and relapse-free survival (GRFS) (43% vs 33%, p = 0.04). In 
the multivariate model, however, only the reduced risk of relapse maintained signifi-
cance [55]. In all, VP16/TBI appears to be an active regimen with some suggestion 
that it may be more effective in patients in CR2.

TBI-containing regimens are associated with acute and long-term toxicities, as 
well as an increased risk for GVHD and TRM [55–60]. With the objective to reduce 
the TRM, the Johns Hopkins group developed busulfan (Bu)/Cy as a TBI-free con-
ditioning regimen [61, 62]. A SWOG study comparing VP16/TBI vs Bu/Cy in 
patients with leukemia in CR2 or beyond showed no difference in TRM, DFS, nor 
OS [63]. In a subsequent retrospective analysis, IV Bu vs TBI-containing condition-
ing regimens in CR1 or CR2 were compared. The adjusted 3-year outcomes showed 
that IV Bu was associated with less TRM (19 vs 25%, p = 0.04), but higher risk of 
relapse (37% vs 28%, p = 0.007). Despite these differences, overall survival was 
comparable (57% vs 53%, p = 0.35) [64].

In young patients with T-cell ALL, the benefit of TBI-based conditioning is more 
pronounced. In an EBMT registry study of adults with T-ALL, patients <35 years 
old had improved 5-year OS and LFS with TBI-based regimens compared to Bu/Cy 
(OS 53% vs 21%, p < 10−5; LFS 50% vs 18%, p < 10−5). There was no difference in 
NRM. In patients >35 years old, there was no benefit to TBI-based regimens despite 
improved relapse risk given the higher risk for NRM (38% vs 9%, p = 0.01) [65].

Thus, while chemotherapy-only regimens are active in ALL, there appears to be 
no benefit in OS compared to TBI-based conditioning. Importantly, young patients 
with T-ALL likely derive a differential benefit from TBI compared to chemother-
apy alone.

 Conditioning Intensity

For younger adult patients, the randomized data supporting the use of allogeneic 
HSCT in ALL used myeloablative conditioning (MAC) regimens [11, 13, 16]. In 
contrast, the long-term benefit of allogeneic HSCT for the treatment of ALL in older 
adults is offset by a higher incidence of NRM [16]. Reduced-intensity conditioning 
(RIC) regimens have been developed to decrease treatment toxicities and harness 
the graft-vs-leukemia (GVL) effect of allogeneic HSCT [66]. To date, there are no 
randomized data comparing the outcomes of older adults undergoing allogeneic 
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HSCT with MAC vs RIC. Therefore, the use of RIC in ALL has been justified by 
the results of several retrospective studies.

Using data from the CIBMTR, Marks et al. compared the outcomes of MAC and 
RIC regimens for the treatment of Ph-negative ALL in CR1–2. Neither TRM nor 
relapse rates differed, and the 3-year OS and DFS between the two regimen groups 
were comparable despite the older age of the patients who received RIC (median 
age of 28 vs 45 years, respectively) [67].

In a subsequent EBMT report, RIC was associated with lower NRM compared 
to MAC for ALL in CR1–2 (HR 0.59, p = 0.03). Accordingly, despite an increase in 
relapse rates in the RIC group (HR 1.98, p = 0.0001), the 2-year OS was similar 
between the regimens (OS 45% vs 48%, p = 0.56) [68]. A report from the Japan 
Society for Hematopoietic Stem Cell Transplantation (JSHCT) also demonstrated 
similar findings [69].

There is a single significant study establishing the role of RIC in patients with 
Ph-positive ALL. Bachanova et al. compared the outcomes of adults in the CIBMTR 
registry who underwent allogeneic HSCT in CR1 with either MAC or RIC. The 
groups were matched for age, donor type, and year of HSCT. Similar to the reports 
from the EBMT and the JSHCT, RIC was associated with a lower TRM, higher 
incidence of relapse (HR 1.84, p = 0.011), and similar 3-year OS (39% vs 35%, 
p = 0.062). Pre-HSCT TKI therapy was associated with a decreased risk of relapse 
in the RIC group, while this was not apparent in the patients who received MAC. In 
patients who were MRD positive pre-HSCT, RIC was associated with a higher risk 
of relapse compared to MAC (HR 1.97, p = 0.026). However, those patients with an 
MRD-negative CR had a similar relapse risk independent of their conditioning 
intensity (HR 1.0, p = 0.13) (Fig. 16.3). Thus, the study encourages the use of RIC 
as an alternative strategy for adult patients with Ph-positive ALL who are ineligible 
for MAC and achieve MRD-negative CR1 [70].

While a randomized trial comparing MAC to RIC is unlikely to occur, these key 
registry studies have established a role for RIC in the management of adults with 
ALL who are not candidates for MAC, such as older (e.g., >55 years old), less fit 
patients. Together, they suggest a lower TRM with RIC, at the expense of a higher 
incidence of relapse. Yet, OS is similar with either strategy. In Ph-positive disease, 
the presence of MRD prior to transplant may negate the summative benefit of RIC; 
perhaps alternative strategies should be considered in these patients. The role of 
MRD status prior to RIC in Ph-negative patients is not well established.

 Donor Source

 Matched Sibling Donor vs Unrelated Donor

The initial studies demonstrating the benefit of allogeneic HSCT in the treatment of 
adult patients with ALL utilized genetic randomization, whereby patients with an 
available MSD proceeded to HSCT [11, 13, 16]. However, only approximately 
25–30% of HSCT candidates will have a MSD. Meanwhile, depending on the race 
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Fig. 16.3 Outcomes of Ph-positive ALL according to conditioning intensity and MRD. (a) 
Cumulative incidence of TRM by conditioning intensity. (b) Cumulative incidence of relapse by 
pre-HSCT MRD and conditioning intensity. (c) Kaplan-Meier estimate of OS according to condi-
tioning intensity and MRD status. Reprinted from “Ph+ ALL patients in first complete remission 
have similar survival after reduced intensity and myeloablative allogeneic transplantation: impact 
of tyrosine kinase inhibitor and minimal residual disease,” by Bachanova et al. (2014), Leukemia, 
Vol. 28, Copyright 2013. Springer Nature. Reprinted with permission [70]
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and ethnicity of the recipient, the probability of finding a fully HLA-matched unre-
lated donor ranges from 16% to 75% [71]. Nonetheless, with the development of 
allele-level HLA typing of unrelated donors, as well as modern post-transplant 
immunosuppression regimens and supportive care, there have been improved out-
comes with MUDs [72–74]. MUDs now represent the most common donor source 
for allogeneic HSCTs worldwide [6].

While there are no randomized studies comparing MSD vs MUD HSCTs in 
adults with ALL, several retrospective studies exist [75–79]. In the largest study to 
date, the outcomes of 1458 adults with B-ALL who underwent MSD or MUD 
HSCT were compared. MUD recipients had similar TRM (HR 1.16, p = 0.23) and 
OS (HR 1.01, p = 0.93) compared with MSD recipients. This was not true for mis-
matched unrelated donor (MMUD) recipients, who had a greater risk of TRM (HR 
1.92, p < 0.0001) and worse OS (HR 1.29, p = 0.01). Compared to MSD recipients, 
both MUD and MMUD recipients appeared to have a lower risk of relapse (33% 
and 31% vs 43%, respectively, p = 0.002) with a corresponding higher risk of acute 
GVHD (HR 2.18, p < 0.0001, and HR 2.65, p < 0.0001, respectively) and chronic 
GVHD (HR 1.28, p = 0.01, and HR 1.46, p = 0.003, respectively) [77].

 Alternative Donor Sources

There has been increasing interest in alternative donor sources for patients without 
a MSD or MUD. This is often seen in the case of racial and ethnic minorities, who 
are unlikely to have unrelated donors available [71, 80]. In this setting, umbilical 
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cord blood (UCB) and haplo-identical related donor (HID) transplants have emerged 
as viable graft sources.

Umbilical Cord Blood

UCB is a promising donor source for allogeneic HSCT with several putative advan-
tages. First, matching requirements for UCB are less stringent, allowing for mis-
matched UCB units which can be well tolerated without negatively impacting 
long-term outcomes [81]. Second, UCB HSCT may be associated with a lower risk 
of GVHD and at least similar LFS compared to matched donors [79, 82–89].

Notably, there is evidence supporting the use of UCB for patients who do not 
have a matched donor and are MRD positive prior to transplant. The Seattle group 
compared the outcomes of 582 adult patients with acute leukemia or myelodysplas-
tic syndrome who underwent HSCT with an UCB donor, MUD, or MMUD. Among 
patients with MRD pre-HSCT, the risk of relapse was higher in the two unrelated 
donor groups compared to UCB (MMUD vs UCB, HR 3.01, p = 0.02; MUD vs 
UCB, HR 2.92, p = 0.007). The risk of death was also higher with MMUD (HR 
2.92, p = 0.001), while there was no difference in the OS of UCB vs MUD recipi-
ents [90]. In a subsequent study, the use of UCB in 67 ALL patients with a median 
age of 22 years was assessed. Prior to transplant, 32% were MRD positive. The 
overall DFS at 5 years was 74% (CI 95%, 60–83%) with no difference in relapse 
risk or DFS between MRD-negative and MRD-positive patients [91]. This suggests 
that the prognostic significance of MRD pre-HSCT may be abrogated by the use of 
UCB allografts.

Haplo-Identical Related Donor

Resurrected by the pioneering work on CD34+ selection with ex vivo T-cell deple-
tion by the group from Perugia University and then further advanced by the devel-
opment of the post-transplant Cy regimens at Johns Hopkins, HID allogeneic 
HSCTs are now routinely performed [92–95]. While there are no prospective ran-
domized trials addressing the net benefit of HID allografts in adult ALL, several 
retrospective studies have been published.

Srour et al. reported the outcome of 109 adult patients with high-risk ALL in 
CR1 and beyond, undergoing HID HSCT. OS and LFS at 3 years were 37% and 
31%, respectively. Those patients in CR1 had 52% DFS at 3 years [96]. Santoro 
et al. analyzed 208 adult ALL patients transplanted with HID allografts. The post- 
transplant GVHD prophylaxis in this study included PT-Cy in only 57% of the 
patients, while the rest were given ATG. In the overall cohort, OS, LFS, and GRFS 
at 3 years were 33%, 31%, and 26%, respectively. When restricted to patients in 
CR1, results were superior with reported OS, LFS, and GRFS of 52%, 47%, and 
40%, respectively [97]. Finally, in a large EBMT registry analysis, HID recipients 
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appeared to have similar LFS, OS, incidence of relapse, NRM, and acute and 
chronic GVHD when compared to MUD and MMUD [98].

There are limited comparisons of HID vs UCB HSCT for ALL. One retrospec-
tive study showed no differences in relapse incidence (HR 0.82, p = 0.31), NRM 
(HR 1.23, p = 0.23), and LFS (HR 1.00, p = 0.84) between HID and UCB allograft 
recipients [99]. The Bone Marrow Transplant Clinical Trials Network prospective 
randomized trial of HID vs UCB grafts in adults with hematologic malignancies 
(NCT01597778) may further address this knowledge gap.

 KIR Typing

Killer cell immunoglobulin-like receptors (KIRs) allow natural killer (NK) cells to 
interact with HLA class I alleles which modulate NK cell-mediated donor-versus- 
recipient alloreactivity and cytotoxicity. KIR mismatching is proposed to increase 
the GVL effect without increasing GVHD ( [100, 101, 102]). However, ALL blasts 
appear to be resistant to NK cell-mediated cytotoxicity, unlike AML ( [100], [101], 
[103]). The exact role of KIR-ligand interactions and haplotypes requires further 
evaluation and cannot currently be incorporated into the decision-making process 
for donor selection in ALL.

 Minimal Residual Disease

MRD is prognostic in the pre- and post-HSCT setting and thus represents an attrac-
tive tool to risk-stratify patients who may benefit from HSCT. A retrospective analy-
sis from the Seattle group suggested that the presence of MRD pre-HSCT is 
associated with increased relapse risk (HR 3.64, p  = 0.0001) and mortality (HR 
2.39, p = 0.0005). MRD retains its prognostic significance even when adjusting for 
CR status (CR1 vs CR2) [104]. Similar results were described in a retrospective 
study from the MD Anderson Cancer Center [105].

As noted in the previous section, young adults with Ph-negative ALL who 
achieve MRD-negative remissions with pediatric-inspired regimens are not recom-
mended to undergo HSCT.  One potential exception is patients with KMT2A-
rearranged disease: these patients are often directed to HSCT regardless of depth of 
response, so relatively little is known about their outcomes in the absence of 
HSCT [21].

Less is known about how to use MRD to risk-stratify those who receive adult- 
inspired therapy. The group in Seattle published their experience in adults undergo-
ing myeloablative, reduced-intensity, or deferred HSCT in CR1 following 
adult-inspired therapy for ALL. Relapse was reduced significantly by undergoing 
HSCT with MAC in MRD-negative CR1 (HR 0.19, p  =  0.001). Yet, those who 
underwent HSCT in MRD-negative remission after salvage therapy had similar 
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outcomes for both relapse and survival compared to patients who underwent HSCT 
in MRD-negative CR1. This may be attributable to the higher risk of TRM with 
HSCT and the potential to salvage relapses with HSCT beyond CR1 [25].

Most studies have utilized multiparameter flow cytometry (MFC) to define 
MRD. However, newer technologies are now available to detect disease at lower 
thresholds. A retrospective analysis from Stanford showed detectable disease >10−4 
pre-HSCT or >10−6 post-HSCT using high-throughput sequencing (HTS) had a sig-
nificantly greater risk of relapse ( [106]). While HTS has a higher level of sensitivity 
for residual disease than MFC, the dominant clone-specific sequence must be 
known in order to detect it. Patients who are in morphologic remission, and do not 
already have this sequence identified, may not have this testing performed unless 
archived material of sufficient quality is available.

In patients with Ph-positive ALL, MRD detection by RT-PCR for BCR-ABL1 
transcripts is the standard and can be used for risk stratification. In the CIBMTR 
analysis by Bachanova et al., which is described in previous sections of this chapter, 
MRD positivity was independently associated with an increased risk of relapse 
post-HSCT (HR 1.60, p = 0.070) [70].

In light of the fairly consistent results emphasizing the importance of MRD pre- 
HSCT, one important question is whether or not an attempt to eliminate MRD prior 
to HSCT will improve outcomes. Unfortunately, there has not been a study in adult 
ALL to date that shows this with confidence. It may be that persistent MRD implies 
particularly high-risk disease, and its elimination will not actually modify a patient’s 
risk of relapse post-HSCT. Further, if the therapy administered to eliminate MRD is 
ineffective, the patient’s disease burden may increase beyond the point where HSCT 
is indicated. Although novel agents for relapsed/refractory B-ALL appear to be a 
more appealing strategy for MRD-positive disease as opposed to proceeding directly 
to HSCT, it is important to recognize the high risk of relapse in this situation. 
Therefore, until quality data exist to guide this decision, treatment to eliminate 
MRD prior to HSCT must be done with caution.

 Pre-Transplant Consolidation Strategy

Time from CR to the first post-remission therapy is an independent predictor of 
relapse and OS [107]. Although many ALL treatment regimens for adults outline 
consolidation regimens, the post-remission strategy prior to allogeneic HSCT varies 
among protocols. The UKALLXII/ECOG 2993 and LALA-94 trials, for instance, 
mandated consolidation chemotherapy prior to HSCT, even if CR1 was achieved 
after the initial induction cycle [13, 16]. In contrast, trials such as the CALGB 
19802 and those utilizing the hyper-CVAD regimen allowed for patients to proceed 
to HSCT soon after a CR was achieved ( [40, 43, 108, 109]). Thus, the need for 
consolidation of patients in CR prior to HSCT is not well established.
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A recent CIBMTR registry study determined there was no difference in the inci-
dence of relapse, LFS, nor OS regardless of whether adults with ALL in CR1 
received 0, 1, or ≥ 2 cycles of consolidation. Furthermore, the number of consolida-
tion cycles was not associated with TRM, suggesting that in patients who do not 
have a donor readily available, consolidation can be administered without increas-
ing the risk of TRM [110].

 Post-Transplant Prophylaxis

 Ph-Positive ALL

As previously discussed, outcomes in Ph-positive ALL have improved dramatically 
since the introduction of TKIs into frontline therapy. However, relapse remains a 
significant cause of treatment failure, and the risk is significantly higher with detect-
able BCR-ABL1 transcripts post-HSCT [32, 38, 111, 112]. While the use of TKIs to 
prevent relapse after HSCT appears to be a logical intervention, their use is variable, 
and the benefit remains poorly defined. Two distinct post-HSCT treatment strategies 
have been described: preemptive and prophylactic therapy [36, 40, 113–117]. In the 
former, TKI therapy is prompted by the detection of measurable BCR-ABL1 tran-
scripts in the absence of relapsed disease, while the latter is started post-HSCT 
regardless of the results of MRD testing.

There are no prospective randomized data to establish the benefit of TKI prophy-
laxis. In what remains the largest analysis to date, the EBMT published their review 
of 473 adult patients with Ph-positive ALL who received an allogeneic HSCT in 
CR1. Post-HSCT TKI use was associated with improved OS (HR 0.42, p = 0.004) 
and LFS (HR 0.44, p  =  0.002) as well as a reduced risk of relapse (HR 0.40, 
p = 0.01) [118].

The GMALL study group performed the only randomized multicenter study 
comparing the use of prophylactic vs MRD-triggered use of imatinib post-HSCT 
for Ph-positive ALL. Prophylactic imatinib was associated with a lower incidence 
of molecular recurrence (40 vs 69%, respectively, p = 0.046). Yet, the relapse rates 
were not different between treatment strategies, and the 5-year OS was comparable 
(80% vs 75%, respectively, p = 0.84). Notably, imatinib was eventually discontin-
ued in over 65% of patients due to toxicity. Thus, while imatinib appears to be 
poorly tolerated in the post-HSCT setting, even limited administration seemed to be 
associated with favorable long-term outcomes [119].

The cumulative results of these studies and others have led the EBMT and 
ASTCT to recommend the use of TKIs post-HSCT in all patients with Ph-positive 
ALL, acknowledging the limited prospective evidence [3, 120]. Currently, there are 
no commonly accepted standards with respect to the choice of TKI, dosage, time of 
initiation, nor treatment duration. Both prophylactic and preemptive strategies are 
equally endorsed, and it is not unreasonable to choose the TKI based on the pres-
ence or history of ABL kinase domain mutations, if known [3, 120].
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 Ph-Negative ALL

There is currently no standard prophylaxis regimen for Ph-negative ALL. Clinical 
trials evaluating the role of blinatumomab maintenance post-HSCT are currently 
enrolling, and preliminary results suggest that it is a feasible approach. More 
patients and follow-up are needed to establish efficacy [121].

 CNS Prophylaxis

The CNS represents the most common site of extramedullary relapse after HSCT 
for ALL [122]. Although routine CNS prophylaxis is now part of modern ALL 
induction therapies, in the post-HSCT setting, prophylaxis is not standard.

In a large multicenter retrospective study addressing the role of CNS prophylaxis 
post-HSCT, 457 adult patients with ALL who received their first allogeneic HSCT 
in CR1 or CR2 were reviewed. Overall, 47% of patients received post-HSCT intra-
thecal CNS prophylaxis. There was no benefit to post-HSCT CNS prophylaxis as 
the 4-year cumulative incidence of CNS relapse was 6% vs 1.5% for patients with 
and without CNS prophylaxis, respectively (p = 0.08) [123.] A major limitation of 
this analysis was the lack of any description of the degree of CNS prophylaxis 
administered pre-HSCT, which likely impacts the risk of CNS relapse post-HSCT. A 
subsequent study from the City of Hope reviewed 87 patients with a history of CNS 
involvement who then went on to HSCT. Neither pre-HSCT cranial irradiation, use 
of TBI-based conditioning, nor post-HSCT prophylactic intrathecal chemotherapy 
was associated with a reduction of CNS relapse risk [124]. Thus, in their most 
recent position statement, the ASTCT does not support the use of CNS prophylaxis 
post-HSCT for adult patients with ALL [125].

A distinct intervention not addressed in the described studies is the administra-
tion of low-dose cranial boost during TBI-based HSCT conditioning to reduce the 
risk of CNS relapse. The published data have yielded conflicting results, although it 
appears to be a well-tolerated procedure [126–129].

 HSCT and the Use of Novel Therapies for ALL

 Blinatumomab

Blinatumomab, a bispecific T-cell engager (BiTE) targeted to CD19 and CD3, is 
approved for the treatment of relapsed/refractory B-ALL. In 2018, it became the 
first FDA-approved therapy for MRD-positive B-ALL [130–132].

The role of HSCT in the era of blinatumomab is not well-defined. In the phase 2 
study published by Gökbuget et al., 67% of the patients in a continuous remission 
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after receiving blinatumomab for MRD underwent allogeneic HSCT. After 2 years 
of median follow-up, 25% of the MRD responders who did not proceed to HSCT 
had durable remissions compared to 49% of those who received a HSCT [133]. 
Similarly, a post hoc analysis of the TOWER study showed that responders to blina-
tumomab given for relapsed/refractory B-ALL did not derive a significant survival 
benefit from consolidation with HSCT [134]. Considering the toxicity of allogeneic 
HSCT, these provocative results have led to questions about the need for HSCT in 
patients who clear MRD after treatment with blinatumomab.

Recent data from the AALL1331 trial provided some evidence in favor of HSCT 
post-blinatumomab. In this phase 3 trial, pediatric and AYA Ph-negative B-ALL 
patients in first relapse received standard induction chemotherapy. Those with early 
or late relapse with high levels of MRD were randomized to chemotherapy or blina-
tumomab and then underwent HSCT. The trial was stopped early after patients in 
the blinatumomab arm had improved rates of MRD clearance, OS, and DFS with 
significantly less toxicity. Further analysis demonstrated that perhaps the benefit of 
blinatumomab was its ability to successfully bridge patients to HSCT compared to 
the control arm (73 vs 45%, respectively, p = 0.0001) [135].

 CAR T-Cell Therapy

Autologous T cells engineered to express a chimeric antigen receptor (CAR) spe-
cific for CD19 have produced high rates of CR in patients with relapsed/refractory 
B-ALL. Unfortunately, many patients eventually relapse. The durability of the treat-
ment response is associated with the kinetics and persistence of CAR T cells, which 
may be influenced by many factors, including the lymphodepleting regimen, cell 
dose, tumor burden, T-cell composition, and specific costimulatory domain [136, 
137]. In addition, leukemia-dependent factors may lead to relapse, including 
antigen- negative escape and lineage switching [138]. This has led to the consider-
ation of consolidation with allogeneic HSCT post-CAR T-cell therapy for many 
patients. However, this practice varies by institution, with reported transplant rates 
between 10% and 78% [139].

Recently, investigators from the Seattle group published data on the safety of 
allogeneic HSCT after CD19-directed CAR T-cell therapy for B-cell malignancies. 
Of the patients with B-ALL (n = 19), 74% received MAC, with the majority receiv-
ing MUD allografts. The toxicity profile observed in this cohort was not higher than 
expected, with the 1-year cumulative incidences of NRM reported to be 21% [140]. 
Multivariate analysis demonstrated a non-significant reduction in the risk for treat-
ment failure in patients who underwent allogeneic HSCT after CAR T-cell therapy 
compared with those who did not (HR 0.39, p = 0.088) [141]. Together, these data 
suggest that HSCT is feasible, may improve long-term outcomes, and is not neces-
sarily associated with an increased risk for toxicity after CAR T-cell therapy.
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In contrast, reports from the Memorial Sloan Kettering Cancer Center experi-
ence found no significant benefit in EFS nor OS in favor of consolidative post-CAR 
T-cell HSCT [137]. It is possible that this finding may be explained by the differ-
ences in CAR constructs which incorporate different costimulatory domains.

Overall, given the small size of these studies and several potential confounding 
variables, the role of consolidative HSCT after CAR T-cell therapy remains to be 
defined. At the Fred Hutchinson Cancer Research Center in Seattle, patients are 
referred to HSCT if they achieve an MRD-negative CR and they do not have a his-
tory of a prior allogeneic HSCT. Patients with a previous allogeneic HSCT are con-
sidered on a case-by-case basis. This practice may not apply to other centers utilizing 
a different cellular product.

 Inotuzumab Ozogamicin

Inotuzumab ozogamicin (InO), a humanized anti-CD22 monoclonal antibody con-
jugated to calicheamicin, is approved for the treatment of relapsed/refractory 
B-ALL. It is associated with a higher rate of reaching allogeneic HSCT compared 
to salvage chemotherapy (41% vs 11%, P < 0.001) [142]. Marks et al. analyzed 
pooled data from patients who underwent HSCT after InO. The 2-year OS after 
HSCT was 41%, and those who went directly to HSCT upon remission without 
additional salvage therapy fared better [143].

There is, however, a well-established risk of hepatic sinusoidal obstruction syn-
drome (SOS, formerly veno-occlusive disease) associated with HSCT after treat-
ment with InO that appears to increase with each cycle of therapy. In the above 
pooled analysis, 19 patients (18.8%) developed SOS, 5 of which were fatal. 
Conditioning with dual alkylating therapy (HR 8.6, p = 0.015), elevated bilirubin 
(HR 15.3, p = 0.009), and pre-HSCT transaminase elevation (HR 0.027, p = 0.039) 
were all associated with a risk of SOS [144]. Thus, although HSCT contributes to 
the improved outcomes with InO for relapsed/refractory B-ALL, its use should be 
well planned, and close monitoring for SOS is indicated. If feasible, the number of 
cycles of InO should be limited to two or less, and careful consideration should be 
taken when selecting the conditioning regimen [145].

 Future of HSCT for ALL

As long as there remains a high risk of relapse, HSCT will continue to have a role 
in the management of adults with ALL. Efforts will need to focus on identifying 
those patients most likely to benefit from this approach, balancing the potential for 
relapse risk reduction and the risk of TRM. This is being investigated in a variety of 
ways, including new approaches to graft manipulation, GVHD prophylaxis, and 
post-HSCT supportive care. More sensitive assays for MRD detection may also 
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better identify those patients likely to do well or not with continued chemotherapy. 
These principles will remain true even if novel agents become part of the standard- 
of- care frontline therapy. A similar argument could be viable even in the setting of 
relapsed/refractory disease, as antithetical as it may have been to make such a claim 
as recently as 2015. This is particularly true among those with B-ALL who may 
respond favorably to agents like blinatumomab and CAR T cells. Ultimately, HSCT 
is likely to remain part of the routine armamentarium in the treatment of adults with 
ALL, though the timing and manner in which it is performed will continue to evolve.
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Chapter 17
Hematopoietic Stem Cell Transplantation 
in Pediatric Acute Lymphoblastic 
Leukemia

Divya Subburaj and Kirk R. Schultz

 History of HSCT in Pediatric ALL

In the 1970s, chemotherapy for leukemia in the pediatric population was relatively 
limited in its efficacy and allogeneic HSCT was considered an important part of 
high-risk leukemia treatment. The first report of allogeneic HSCT for children with 
ALL was published in 1975 in a young girl with relapsed ALL [1]. The first large 
report consisting of 100 patients was published in 1977, of which 46 had ALL and 
34 were under the age of 20 years [2]. ALL was the first malignancy reported to 
have graft-versus-leukemia (GVL) effect post HSCT, where two boys developed 
remission after the onset of graft-versus-host disease (GvHD) [3]. The GVL effect 
induced by GvHD was described in 1979 where the relative relapse rate was 
2.5 times less in allogeneic marrow recipients with GvHD [4]. Moreover, the authors 
were quoted stating “This apparent antileukemic effect was more marked in patients 
with lymphoblastic than non-lymphoblastic leukemia.” Between 1976 and 1979, the 
modified Berlin-Frankfurt-Munster (BFM) regimen was used to treat 158 children 
and adolescents and achieved a 70% disease-free survival (DFS) [5]. The Children’s 
Cancer Group (CCG) study treated 209 children with BFM-based chemotherapy 
and had a similar 4-year event-free survival (EFS) of 62% [6].

By 1990, chemotherapy was established as the primary therapy for ALL in chil-
dren. Its efficacy was similar to HSCT and the lower toxicity profile made it the 
preferred approach. Over the next few decades, there was a strong emphasis in the 
field of pediatric ALL to develop risk-based stratification, optimal chemotherapy 
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regimens and improved supportive care, which resulted in an improved 5-year EFS 
of greater than 85%. Recently, there has been an increased recognition for immune- 
mediated therapies including monoclonal antibodies, engineered T killer cell popu-
lations, and targeted therapies like tyrosine kinase inhibitors (TKIs) for the treatment 
of ALL. Although allogeneic HSCT continues to be one of the best forms of sus-
tained immune therapy for ALL, its role is being redefined with the availability of 
novel modalities with potentially improved toxicity profile.

 Current Indication for HSCT in Pediatric ALL

HSCT is still considered by many  to be  the final salvage therapy for ALL when 
conventional chemotherapy agents have failed. As part of immune therapy, the 
effects of allogeneic HSCT can involve multiple immune pathways including the T 
cell, B cell, NK cell, and innate immune response pathways. While newer immune 
therapies including CAR-T cells can induce dramatic initial responses, HSCT is 
still being utilized to consolidate remission. However, the two primary problems 
associated with HSCT in pediatrics include (a) long-term morbidity affecting 
growth and development including fertility and (b) chronic GvHD (cGvHD). These 
life-altering morbidities tend to move the position of allogeneic HSCT in ALL ther-
apy to the last salvage option. Hence, we need to improve morbidity outcomes 
which can result in reconsideration of the role of HSCT in pediatric ALL therapy.

 Criteria for HSCT in Pediatric ALL in CR1

Due to the success achieved with chemotherapy protocols, currently only 2–5% of 
pediatric ALL patients in CR1 receive allogeneic HSCT. The ability to assign risk 
categories in pediatric ALL has become increasingly sophisticated. They are gener-
ally based on the following criteria: (a) National Cancer Institute (NCI) risk assign-
ment, age and white blood cell (WBC) count at presentation; (b) molecular and 
cytogenetic risk factors; and (c) response to therapy, MRD evaluation. The introduc-
tion of MRD evaluation at end of induction/consolidation therapy has changed our 
risk stratification process and subsequent therapeutic approaches.

Indications for considering allogeneic HSCT in CR1 include (a) end of induction 
(EOI) therapy failure (EOI marrow MRD >5% blasts or residual  extramedullary 
disease) and (b) MRD+ disease at end of consolidation (EOC). The BFM 2000 trial 
measured MRD by PCR-based techniques, and positive MRD was defined as a level 
of >10−3 on day 78 [7]. On the other hand, the COG AALL1131 (NCT02883049) 
and AALL1732 (NCT03959085) studies consider MRD >0.01% by flow cytometry 
as MRD+ at EOC. The involvement of extramedullary sites at diagnosis either in the 
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central nervous system (CNS) or testes is not an indication for HSCT in CR1 as long 
as patients achieve complete disease remission with negative marrow MRD dis-
ease at EOC.

The indications for HSCT with MRD+ disease at EOI in combination with other 
high-risk cytogenetic features have been changing over the years. The criteria to 
assign allogeneic HSCT continue to be based on the expected EFS of chemotherapy 
versus HSCT in a particular risk group. Consideration for HSCT is usually based on 
an expected 10–20% improvement in 5-year EFS over chemotherapy. The current 
COG categories of standard-risk (SR) and high-risk (HR) ALL are expected to have 
a 5-year EFS of 90–95% and 88–90%, respectively. However, the 5-year EFS with 
chemotherapy for very high-risk (VHR) ALL has been much lower [8]. Historically, 
very high-risk features have included hypodiploidy, BCR-ABL1 or Philadelphia 
chromosome (Ph)-like ALL, Ph + ALL, KMT2A-rearranged infant ALL, and mixed- 
phenotype acute leukemia (MPAL) [9; Table 17.1]. Other cooperative groups have 
similarly categorized ALL; however, the BFM group has always used the initial 
response to prednisone as an important risk criterion.

The outcomes of HSCT continued to improve, and based on recent Center for 
International Blood and marrow Transplant Research (CIBMTR) data, children 
receiving a matched related donor for ALL in CR1 should expect a 5-year EFS of as 
high as 74% and those receiving an unrelated donor HSCT a 5-year EFS of 69% 
[10]. Based on the anticipated 15% improvement in the 5-year EFS rates with 
HSCT, offering it to children >2 years of age in CR1 for any risk category that has 
a 5-year EFS of <55% with chemotherapy should be beneficial. EOC MRD+ T-ALL 

Table 17.1 Indications for HSCT

HSCT in CR1
Category BFM-AIEOP COG
Induction 
failure

M3 marrow at day 33 EOI M3 marrow
Or EOI MRD ≥5% blasts
Or residual EM disease (for CNS, 
which includes CNS2 and CNS3)

Consolidation 
failure

Matched sibling donor HSCT
   MLL/KMT2A rearranged or
   Hypodiploid <44 chromosomes and
   MRD MR (EOC >10 −4) or HR 

(>10−3)
HSCT (any donor)
   Poor prednisone response T-ALL Or
   B or T-ALL and 
   MRD HR (EOC >103)

For high-risk patients*
   EOC MRD ≥ 0.01%
   Or residual EM disease (for 

CNS, which includes CNS2 and 
CNS3)

*high risk includes:
   iAMP21
   Philadelphia chromosome+ ALL
   BCR-ABL-like ALL
   Hypodiploid <44 chromosomes
   MLL/KMT2A rearrangement
   Infant ALL
   MPAL

(continued)
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or B-ALL, hypodiploidy, and BCR-ABL-like ALL with positive MRD generally 
fall in this category (Table 17.1). KMT2A-rearranged ALL as a sole adverse risk 
factor probably does not warrant HSCT; however, presence of KMT2A rearrange-
ment with other adverse risk factors like older age, high WBC at presentation, and 
poor prednisone response does define a very high-risk subgroup for which HSCT 
may be recommended.

Recently, the CIBMTR developed a risk assignment algorithm for HSCT in 
ALL based on three factors – (a) ALL in CR1 or CR ≥ 2, (b) age, and (c) MRD 
status pre-HSCT (Table 17.2). Based on this algorithm, pediatric ALL-CR1 trans-
plant outcomes (0–18  years) are considered “good” risk category for children 
over the age of 2 years with an expected leukemia-free survival (LFS) of about 
70% and “moderate” risk for those under 2 years of age with an expected LFS of 
50% [11].

The American Society for Transplantation and Cellular Therapy (ASTCT) devel-
oped an excellent evidence-based analysis of when HSCT should be considered for 
pediatric ALL [12]. Overall these analyses support the cooperative group recom-
mendations, although they point out a lack of statistically significant supporting 
data for some of the categories.

HSCT in CR2
UK-ALL MRC and EBMT COG

Late relapse  > 6 months from stopping therapy
   B-ALL. Combined/isolated marrow 

and
   MRD at EORI positive
T-ALL
Combined/isolated marrow

B-ALL
   ≥ 36 months from diagnosis – 

Marrow, end block 1 
MRD ≥ 0.1%

   ≥ 18 months from diagnosis – 
isolated EM, end block 1 
MRD ≥ 0.1%

any T-ALL/T-LL relapses
Early relapse T- or B-ALL (>18 months from 

diagnosis, < 6 months from stopping 
therapy)
   Combined/isolated marrow

B-ALL
   <36 months from diagnosis 

marrow
any T-ALL/T-LL relapses

Very early 
relapse

T- or B-ALL (< 18 months from 
diagnosis)
   Combined/isolated medullary/

isolated 

B-ALL
   <18 months from diagnosis, 

marrow/isolated EM
any T-ALL/T-LL relapses

Treatment 
failure

Induction failure Failure to achieve the following at 
end block 1:
   M2 or better
   CNS remission (clearance of 

CSF blasts, i.e., CNS1)

EOI end of induction, EORI end of reinduction, MRD minimal residual disease, EOCI end of con-
solidation induction, EM extra medullary disease, HR high risk, MR medium risk, MPAL mixed-
phenotype acute leukemia

Table 17.1 (continued)
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 MRD-Positive ALL-CR1

End of induction MRD positivity has emerged as the single major factor influencing 
survival in pediatric ALL. The Associazione Italiana di Ematologia e Oncologia 
Pediatrica and the Berlin-Frankfurt-Munster (AIEOP-BFM) 2000 (NCT00430118) 

Table 17.2 Adapted CIBMTR pediatric ALL risk index for allogeneic hematopoietic cell 
transplantation [40]

Variable Number Hazard ratio Score

Age
≥ 2 years
< 2 years

579
35

1.00
1.77 (1.06–2.93)

0
3

Disease status
First complete remission 
MRD (−)

148 1.00 0

First complete remission 
MRD (+)

72 1.04 (0.65–1.69) 0

First complete remission 13 2.66 (1.30–5.45)
Second complete remission 
MRD (−)

254 1.51 (1.08–2.12) 2

Second complete remission 
MRD (+)

85 2.28 (1.49–3.34) 4

Second complete remission 21 1.87 (0.97–3.61)
Relapse 21 1.58 (0.79–3.14) 2
Pediatric disease 
risk index 
(p-DRI)

Age Disease 
status 
pre-HSCT

Cytogenetic 
risk

Training 
cohort

Validation 
cohort

5-year 
LFS

Good
Score 0

≥ 
2 years

1 CR MRD 
(−)
1 CR MRD 
(+)

Any 
cytogenetic 
risk

HR 1.00
P < 0.0001

HR 1.00 
P < 0.0001

68% 
(63–72)

Intermediate
Score 2–4

≥ 
2 years

2 CR MRD 
(−)
2 CR MRD 
(+)
Relapse

Any 
cytogenetic 
risk

HR 1.51
P = 0.004

HR 2.03
P < 0.0001

50% 
(45–54)

< 
2 years

1 CR MRD 
(−)
1 CR MRD 
(+)

High
Score ≥ 5

< 
2 years

2 CR MRD 
(−)
2 CR MRD 
(+)
Relapse

Any 
cytogenetic 
risk

HR 5.22
P < 0.0001

HR 6.65
P < 0.0001

15% 
(3–34)

*Based on N = 1228 CIBMTR database of ALL aged <18 years and transplanted between 2008 
and 2017
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study, a large prospective clinical trial, showed that MRD standard-risk (SR) chil-
dren (MRD-negative disease at EOI and EOC) had a 5-year EFS of 95% compared 
to 55% in MRD high risk (HR) (MRD positive at EOI and EOC) [7]. The results 
showed that patients undergoing relatively intensive treatment, like the BFM-based 
chemotherapy, HSCT may not be indicated even in the presence of any other com-
bination of risk factors if the MRD response proved to be favorable.

The COG AALL0331 (NCT00103285) trial showed that children with NCI 
standard- risk features at presentation, with an MRD >0.1% at EOI, could still be 
salvaged with intense chemotherapy-only approach, provided the EOC MRD was 
negative (6-year EFS of 90%) removing the need for HSCT in this group [13]. On 
the other hand, children with MRD+ disease at EOC did very poorly irrespective of 
cytogenetic factors. The presence of good prognostic markers like ETV6-RUNX1 or 
trisomies of chromosomes 4 and 10 in NCI HR produced a dismal 5-year EFS of 
43 ± 7% in children with EOC MRD+ disease [9]. The current COG AALL1731 
(NCT03914625) study aims to improve outcomes of NCI SR patients who are 
MRD+ (0.1 to <1%) at EOC with addition of blinatumomab. Similarly, the NCI HR 
patients on AALL1732 who have EOC MRD >0.01% can move on to CAR-T trial 
AALL1721 (NCT03448393).

In the T-ALL cohort, MRD positivity at EOC constitutes the most important 
predictive factor for relapse. The BFM 2000 trial (NCT00430118) had an excellent 
outcome with a 7-year EFS of 80% if MRD was negative at EOC, compared to 50% 
for those who were still MRD positive, indicating that EOI MRD levels were irrel-
evant if MRD at EOC turned negative [14, 15]. Similar to B-ALL, children with 
T-ALL and MRD-positive disease at EOC should be considered for HSCT due to a 
higher relapse risk.

 Philadelphia Chromosome-Positive (Ph+) ALL

Tyrosine kinase inhibitors (TKIs) have revolutionized the management of 
Ph + ALL. Pediatric studies showed that chemotherapy plus continuous TKI-based 
protocols achieved survival rates that were non-inferior to HSCT outcomes. The 
COG AALL0031 trial (NCT00022737) had an improved outcome with a 5-year 
DFS of 70% with a combination of intense chemotherapy, continuous TKI therapy 
(imatinib), and prophylactic cranial radiotherapy compared to a sibling donor HSCT 
with a DFS of 65% [16, 17]. The subsequent AALL0622 trial (NCT00720109) used 
dasatinib and risk stratified the Ph-positive ALL group as SR and HR based on EOI 
MRD levels [18]. The patients in HR groups were moved to the HSCT arm of the 
study after induction, and SR group patients continued on chemotherapy and 
TKI. Though the 5-year EFS for SR group was 60%, the OS was 87% as many 
could be salvaged with HSCT in CR2. The EsPhALL study (NCT00287105) and 
BFM 2000 (NCT00430118) trial recommended HSCT in Ph + ALL in a setting of 
matched related or unrelated donor. However, they found that MRD-negative 
patients treated with a TKI had a good DFS of 80%, similar to MSD (matched 
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sibling donor) HSCT recipients [19]. Indications for HSCT in the current BFM and 
COG trails for children with Ph + ALL are persistent MRD positivity at end of con-
solidation therapy.

 BCR-ABL-Like ALL

In 2009, the COG-St. Jude consortium and the Dutch group identified BCR-ABL- 
like ALL as a separate type of B-ALL with a gene expression profile similar to 
Ph + ALL, however lacking the classic BCR-ABL1 fusion protein. Though more 
commonly seen in young adults, Ph-like ALL can be seen in up to 12% of childhood 
ALL. Approximately half of the cases harbor rearrangement in the cytokine recep-
tor CRLF2 (cytokine receptor-like factor 2), IKZF1 deletions and intrachromosomal 
amplification of chromosome 21 (iAMP21) alterations are also frequently seen [20–
22]. Among childhood and adolescent patients with CRLF2 rearrangement, approx-
imately half have concomitant activating mutations of the Janus kinase genes, JAK1 
or JAK2, which can be modified by JAK2 inhibitors such as ruxolitinib. Around 10% 
have ABL-class gene fusions, and ABL1 inhibitors like imatinib can be combined 
with conventional chemotherapy [21]. Most pediatric and adult studies showed 
higher MRD levels at EOI in BCR-ABL-like ALL when treated with conventional 
chemotherapy [23, 24]. Interestingly, the St. Jude Total Therapy Study XV which 
featured MRD-directed treatment had 40 patients with an overall 5-year EFS of 
90% with only 15% of poor responders proceeding to HSCT [25]. The COG/Incyte 
AALL1521 trial (NCT02723994) aims to determine the role of ruxolitinib with 
conventional chemotherapy in children with BCR-ABL-like ALL with JAK-STAT 
pathway alterations. The role of HSCT if MRD+ at EOI needs to be determined as 
ruxolitinib is added only toward the end of induction. The outcomes of the study 
should shed light on the response rates of chemotherapy combined with targeted 
therapy, and HSCT should probably be reserved for patients who are MRD+ at EOC.

 Hypodiploid ALL

Hypodiploid leukemia blast cells have less than 44 chromosomes which include 
distinct subtypes based on the chromosomal number – near haploidy (25–29 chro-
mosomes), low hypodiploidy (33–39 chromosomes), high hypodiploidy (42–43 
chromosomes) with complex karyotypes, and high hypodiploidy with 44 chromo-
somes [26, 27]. Among the various subtypes, low hypodiploid and near haploid fare 
worse due to a differential mutational profile [28]. Near-haploid ALL cases are 
characterized by genetic alterations in IKZF3, and low hypodiploid cases frequently 
carry germline TP53 mutations [29]. Recent reports have shown a 10–15% improve-
ment in overall survival with HSCT in hypodiploid ALL, though these differences 
were not statistically significant due to small numbers [28–31]. Patients treated on 
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AALL0331 (NCT00103285) and AALL0232 (NCT00075725) had a EFS and OS at 
5 years of 29.4% ± 14.3% and 29.4% ± 14.3%, respectively with HSCT (n = 18), 
whereas EFS and OS were 16.7% ± 10.8% and 22.2% ± 13.9%, respectively with 
chemotherapy (n = 12, P = 0.67 for EFS and P = 0.86 for OS) among patients with 
EOI MRD >0.01% [32]. The retrospective analysis published in 2019 by Pui et al. 
showed that expected DFS was similar between chemotherapy and HSCT arm at 
approximately 70% in the EOI MRD-negative cohort. However, DFS with HSCT 
was higher at 55% compared to 40% with chemotherapy in the MRD+ group 
(p = 0.29) [28]. Outcomes with both chemotherapy and HSCT remain suboptimal, 
regardless of MRD response. The current open trials do not clearly specify the indi-
cation for HSCT in hypodiploid ALL due to a lack of significant benefit in past 
studies. There remains an urgent need for achieving better remission prior to HSCT 
with novel therapies.

 Infant ALL

KMT2A (formerly MLL – mixed-lineage leukemia) rearrangements are most com-
monly observed in infant leukemias. The previous CCG and Pediatric Oncology 
Group (POG) trials did not find a survival advantage with HSCT over intensive 
chemotherapy in this cohort. Given that most children were young at the time of 
transplant, nearly half of them received a non-TBI (total body irradiation)-based 
conditioning in these trials. They also used single-agent prophylaxis for GVHD 
which might have contributed to the higher rates of grade 3 and 4 acute GVHD and 
transplant-related mortality (TRM), affecting the overall survival outcomes [33, 
34]. On the other hand, HSCT showed a 64% reduction in risk of failure for high- 
risk infants (< 6 months of age, poor prednisone response) in the Interfant-99 trial 
(NCT00015873) [35]. However, the outcome in the subsequent Interfant-06 trial 
(NCT00550992) was poor as nearly half of the cohort experienced early relapse, 
prior to proceeding to transplant [36]. The role of HSCT in infant ALL in CR1 
remains unclear. The results of the current St. Jude consortium TINI study 
(NCT02553460) that is investigating the role of KMT2A targeted agents bortezomib 
and vorinostat may help in defining the indications.

 Mixed-Phenotype Acute Leukemia (MPAL)

Mixed-phenotypic leukemia is rare in children constituting 2–5% of acute leuke-
mias, harboring immunophenotypic features of both lymphoid and myeloid leuke-
mias. There has been no uniform protocol for treating MPAL in children so far; 
however, the current COG AALL1732 protocol has a separate MPAL stratum. The 
AMBI2012 registry study saw no significant benefit with HSCT in CR1; however, a 
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trend toward improved EFS with HSCT was seen in those with EOI MRD ≥5%. 
The majority of the children on this study had a predominant B-lineage lymphoid 
component [37]. The COG consensus statement recommends upfront ALL-based 
chemotherapy irrespective of the blast phenotypes at presentation and recommends 
HSCT for those with poor response to induction and consolidation therapy [38].

 Induction Failure

Induction failure with >5% blasts by MRD at the end of induction is rare, seen in 
less than 3% of pediatric and adolescent ALL. However, it is considered a very poor 
risk factor, and HSCT is generally indicated. Its prognostic significance becomes 
difficult, if patients achieve an MRD-negative remission post consolidation therapy, 
although outcomes following HSCT are encouraging for this cohort. A large 
European retrospective analysis on 44,017 pediatric ALL patients from 14 coopera-
tive study groups between 1985 and 2000 documented an induction failure rate of 
2.4%, with an overall 10-year survival rate of 32 ± 1%. The independent adverse 
prognostic factors were age > 10 years, M3 marrow (>25% blasts) at EOI, T-ALL, 
and the presence of a KMT2A rearrangement. HSCT was associated with a favor-
able trend for all categories except KMT2A-rearranged leukemia [39]. The 
AALL0031 study had a 4-year DFS of 44% for induction failure patients treated 
with intensive chemotherapy compared to 75 ± 19% (P = 0.14) in the transplant 
arm; however, this difference was not statistically significant due to small num-
bers [30].

 Criteria for HSCT in Pediatric ALL in CR ≥2

HSCT plays a crucial role in a relapsed ALL setting, though the outcomes for ALL 
in CR2 are generally poor compared to CR1. At the time of relapse, patients are risk 
stratified based on duration of remission (CR1/CR2), immunophenotype, sites of 
relapse, and MRD at end of reinduction therapy (EORI). The COG protocols pri-
marily use a flow-based MRD and a cutoff of 0.1%, and the EBMT and UK proto-
cols use PCR-based MRD monitoring and aim for MRD <10−4 at EORI. The current 
indications for allogeneic HSCT in CR2 are summarized in Table 17.1. Most coop-
erative groups recommend HSCT for relapsed high-risk ALL patients and 
chemotherapy- only approach for SR patients. More restricted criteria for HSCT are 
applied to standard-risk patients, especially those who present with late-onset 
relapse, B cell immunophenotype, isolated extramedullary involvement, and MRD- 
negative disease at EORI [40].

The results of ALL-REZ-BFM 2002 trial (NCT00114348) showed that patients 
with late marrow relapse had an EFS of 72% (95% CI 64% to 78%) and OS of 82% 
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(95% CI 75% to 87%). The majority of patients with MRD+ (> 10−3) disease 
received HSCT and achieved an EFS of 81% vs. 68% for MRD >10−3 but < 10−2 and 
MRD >10−2 respectively at EORI [41].

The UKALLR3 (NCT00967057) trial evaluated 228 patients with late B-ALL 
marrow relapse, and nearly 97% achieved CR2 at EORI.  One hundred and ten 
patients were MRD+ (>10−4) at EORI, and 92 of them proceeded to HSCT with 
either a MSD or alternate donor. The 5-year progression-free survival (PFS) after 
transplant was 54% (95% CI 34–71) in the MRD+ cohort compared to 88% (95% 
CI 39–98) in MRD-negative cohort. Seventy patients with MRD level  <  10−4 at 
EORI continued on chemotherapy with a 5-year PFS of 70% (95% CI 57–79). The 
5-year survival was poor with PFS of 31% (95% CI 11–56) for children with MRD+ 
disease who went on to continue chemotherapy. The study suggested that HSCT be 
the preferred option for patients with late bone marrow relapse and MRD+ disease 
at EORI [42].

The COG AALL0433 trial (NCT00381680) accrued 275 children with either a 
late marrow relapse or an early isolated extramedullary relapse. Seventy-four 
patients underwent HSCT in CR2 (51 late marrow, 16 combined, and 7 isolated 
CNS relapses); 47 patients received matched sibling donor HSCT, and 27 under-
went alternative donor transplant. The 3-year DFS was 77.5 ± 6.2% for HSCT vs. 
66.9  ±  4.5% for chemotherapy (p  =  0.03). However, this did not correspond to 
improved OS (81.5  ±  5.8% with HSCT vs. 85.8  ±  3.4% without, p  =  0.46). In 
patients with MRD <0.1% at EORI, HSCT showed an improved 3-year DFS of 
90.7 ± 6.5% vs. 74.1 ± 5.8% for chemotherapy (p = 0.07); however, the difference 
in 3-year OS again was not significant (95.5 ± 4.7% with HSCT vs. 93.1 ± 3.4% 
without, p = 0.16). In contrast to other studies, in patients with positive MRD >0.1%, 
HSCT did not show a benefit over chemotherapy (3-year DFS of 56.3 ± 13.2% with 
HSCT vs. 55.0 ± 11.1 with chemotherapy, p = 0.23) [43].

The outcomes for early bone marrow relapse have been uniformly poor. The 
older CCG1941 study highlighted that majority of treatment failures occurred 
before any HSCT procedure could be initiated and half of the patients with matched 
related donor either did not achieve a remission or relapsed and died before a HSCT 
was performed [44]. The ability to attain a MRD-negative remission using agents 
with a lower toxicity profile like blinatumomab has shown encouraging results in 
the recent COG AALL1331 relapsed ALL trial (NCT02101853). The study ran-
domized 208 children with intermediate- and high-risk relapsed B- ALL to either 
receive intensive chemotherapy after Block 1 reinduction or two 4-week cycles of 
blinatumomab prior to HSCT. After a median follow-up of 1.4 years, those in blina-
tumomab group had higher 2-year DFS (59.3% vs. 41%), higher rates of undetect-
able MRD (70% vs. 21%), and a higher success rate of proceeding to stem cell 
transplant (73% vs. 45%). The blinatumomab arm also showed lower rates of infec-
tions, sepsis, and toxicity prior to HSCT [45].

The current CIBMTR risk assignment algorithm estimates that all HSCT in CR2 
are either in the intermediate-risk or high-risk category. A score of 2 is given for 
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ALL-CR2 with MRD negativity and 4 for ALL-CR2 with MRD positivity. Age < 2 
gets an additional score of 3. An intermediate score (2–4) yields an expected 5-year 
LFS of 50%, and a high risk score (≥5) has an expected 5-year LFS of 15% [46]. 
The poor LFS in the MRD+ disease emphasizes the need for alternative therapies 
such as CAR-T cells or blinatumomab prior to HSCT.

 The Role of HSCT in Treatment of Relapsed T-ALL

Recently, the CIBMTR evaluated HSCT in 229 children with T-ALL in CR2 
between 2000 and 2011. The donor sources included umbilical cord blood, matched 
sibling marrow, and unrelated donors with marrow or peripheral blood graft source. 
The 3-year DFS was 46% with a TRM of 13% and a relapse rate of 30%. 
The Multivariate analysis revealed that marrow relapse, with or without concurrent 
extramedullary relapse, were more likely to relapse post HSCT (hazard ratio, 3.94) 
compared to isolated extramedullary disease [47]. Although the ability of HSCT to 
treat refractory T-ALL does not appear to be as good as B-ALL, it still represents 
the only available salvage option for relapsed T-ALL.

 The Role of HSCT in Treatment of Extramedullary Relapse

The incidence of CNS relapse is less than 5% in pediatric ALL; nonetheless, when 
relapse occurs, the CNS is involved in 22% to 40% of relapsed ALL cases [48, 49]. 
The probability of leukemia-free survival (LFS) at 5 years post HSCT for relapsed 
ALL was highest for patients with isolated CNS relapse at 91% (95% CI 51–99; 
P < 0.01) [50]. The Italian cooperative group evaluated the outcome of 281 children 
with extramedullary relapse between 1990 and 2015, and 167 had a relapse con-
fined to the CNS, 73 to the testis, 14 to the mediastinum, and 27 to other organs. 
After reinduction therapy, 97 patients underwent autologous HSCT, and 184 
received allogeneic HSCT. The 10-year overall survival was 54% with improved 
outcomes seen with TBI-based allogeneic transplants [51].

The 3-year EFS/OS for patients with very early isolated CNS relapse on the 
AALL0433 trial (NCT00381680) was 41.4% ± 9.2% and 51.7% ± 9.3%, respec-
tively. The 3-year DFS/OS for transplanted patients (n = 7) was 71.4 ± 17.0% and 
71.4 ± 17.1%, compared to 28.6 ± 9.9% and 42.9 ± 10.8% without HSCT (n = 21) 
(p = 0.12 for DFS, p = 0.18 for OS), respectively [43]. The isolated late CNS relapse 
cohort had the best outcome, and the relapse rate was higher for patients with early 
CNS relapse who continued on chemotherapy/radiation [52]. The current COG tri-
als recommend HSCT for early extramedullary relapse (less than 18 months from 
initial diagnosis).
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 The Role of Second HSCT for Relapsed ALL

A second allogeneic HSCT can be potentially curative in children with relapsed 
ALL; however, it is limited significantly by higher level of morbidity and organ 
toxicity compared to the first transplant. If a second HSCT is considered, the inter-
val between the first and second HSCT seems to significantly impact the TRM and 
possibly OS.  The EBMT pediatric working committee in 2018 reviewed 214 
patients who underwent second HSCT. The cumulative relapse rate for the cohort 
was 47%, non-relapse mortality was 22%, and 5-year LFS was 31%. Reduced 
intensity conditioning (RIC) was preferred second time around to reduce toxicity; 
however, it was associated with a poorer outcome. The use of the same or a different 
donor from first transplant did not seem to affect the outcome [53]. A retrospective 
study from Japan also had similar TRM and relapse rates at 18% and 44%, respec-
tively. Younger age < 9 years, late relapse (180 days or more after first HSCT), CR 
prior to second HSCT, and myeloablative conditioning were found to be associated 
with longer survival [54].

The recent CIBMTR analysis reviewed 251 children and young adults with acute 
myelogenous or lymphoblastic leukemia who underwent a second HSCT, and ALL 
constituted 44% with a median interval of 17 months between the 2 transplants. 
Most of the patients were in CR pre-HSCT and received myeloablative conditioning 
regimen with >90% receiving an unrelated donor graft. The 8-year LFS for those in 
CR at the time of second transplant was 24% vs. 10% for those not in CR. Interestingly, 
the analysis found a lower relapse and a higher leukemia-free survival with (a) inter-
val of >5 months between transplant and diagnosis of relapse, (b) using the same 
donor for both transplants, (c) a history of cGvHD, and (d) using either a non- 
myeloablative TBI-based regimens or a reduced intensity transplant with low-dose 
TBI [55–58].

The effect of immunophenotype, cytogenetic rearrangement, or the presence of 
medullary vs. extramedullary disease on the outcome of second transplant is also 
poorly understood. RIC was seen to be associated with higher relapse risk, and the 
question of different donor for second transplant is not well addressed in literature. 
The availability of CAR-T cell therapy for relapsed B-ALL post HSCT can help 
achieve good remission with lower toxicity [59]. The role of allogeneic HSCT par-
ticularly in the setting of post CAR-T cell therapy is still being established. It is 
possible that CAR-T cell therapy followed by a second HSCT can improve out-
comes for multiple relapsed B-ALL. We need large multi-institutional studies to 
determine the impact of cytogenetic risk factors, conditioning regimens and the role 
of second HSCT post CAR-T cell therapy.
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 Factors Impacting Outcomes of HSCT in ALL

 Preparative Regimen

TBI-based myeloablation continues to be the backbone of conditioning regimens in 
pediatric ALL transplant. The standard myeloablative regimen includes cyclophos-
phamide (Cy) at a dose of 120 mg/kg and TBI of 12 Gy [60]. A CIBMTR retrospec-
tive analysis showed that TBI/Cy-based regimens had the best outcomes and the 
sequence between TBI and Cy did not affect the outcome [61]. The long- term side 
effects of TBI, especially in very young children, have prompted studies to develop 
non-TBI-based regimens. Recently a large pediatric study performed by the 
International Allogeneic Stem Cell Transplantation in Children and Adolescents 
with Acute Lymphoblastic Leukaemia: ALL SCTped FORUM (NCT01949129 –.

For Omitting Radiation Under Majority Age) studied over 800 children and ado-
lescents and demonstrated a clear survival advantage of TBI- regimens over non- 
TBI- based chemotherapy regimens [62]. Thus, the standard approach worldwide is 
to incorporate TBI in the conditioning to attain the best possible survival outcomes. 
The current PTCTC study for MRD Negative Children, Adolescents, and Young 
Adults with B-ALL [the EndRAD trial – NCT03509961] is evaluating whether very 
low MRD levels defined by deep sequencing prior to HSCT may allow for elimina-
tion of TBI in this low-risk patient group.

 Donor Type and Graft Source

Matched sibling donors continue to be the preferred donor choice for transplant due 
to lower TRM and GvHD rates. Alternate donor sources include umbilical cord 
blood (UCB), unrelated donors, and haploidentical related donors. The retrospec-
tive EBMT-Eurocord registry study concluded that UCB had higher rates of engraft-
ment failure (23% vs. 11%), higher grade 2–4 GvHD, and lower incidence of relapse 
compared to MUD, although there was no difference in DFS [63]. The outcome 
rates for mismatched unrelated marrow donors (MMUD) compared to MUD are 
lower due to the higher rates of GvHD and are being replaced by haploidentical 
related donors [64]. The use of bone marrow grafts compared to granulocyte colony- 
stimulating factor (G-CSF)-mobilized peripheral blood results in a significantly 
lower rate of cGvHD and better OS [65]. The novel mobilizing agents such as 
plerixafor, even when used in place of G-CSF, may also result in a similar rates of 
cGvHD [66]. Bone marrow grafts should continue to be the preferred donor source 
for both related and unrelated transplants.

There has been a recent shift in donor choices toward the use of haploidentical 
related donor, especially in the setting of absent MSD/MUD. The two approaches in 
haploidentical transplants include in vivo post-transplant cyclophosphamide (PT- 
Cy) and ex vivo T cell depleted haploidentical HSCT. The retrospective review by 
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AIEOP-GITMO looked at the feasibility of PT-Cy in children with hematological 
malignancies and found a non-inferior outcome with haplo-HSCT compared to 
other donor sources with an EFS of 61%, 1-year cumulative incidence of relapse 
(CIR) of 24%, and TRM of 9%. The authors contributed the slightly higher relapse 
rate to the high-risk nature of leukemia with 20% of the haplo-cohort undergoing a 
second transplant [67]. The phase 2 study (NCT02120157) on PT-Cy haploidentical 
HSCT for acute leukemias/MDS in pediatrics reported a 1-year EFS of 65% in 32 
patients. The study used TBI/Cy for ALLs followed by cyclophosphamide of 50 mg/
kg on D + 3 and D + 4 and mycophenolate and tacrolimus GvHD prophylaxis start-
ing on D + 5. Unmanipulated marrow product was the only type of graft source used 
in the study. The infused cell dose was found to be a major limiting factor affecting 
outcomes and recommended a minimum TNC of 2x108 cells/kg to avoid graft fail-
ure. The cohort had no grade 3/4 aGvHD, and cGvHD rate was documented at 11%. 
The 1-year relapse was slightly higher at 32% [68].

The alternate approach to PT-Cy in the haploidentical donor HSCT is to utilize 
ex vivo αβ T cell/CD19+ B cell depleted graft. A multicenter retrospective study on 
children with acute leukemia between 2010 and 2015 in 13 Italian centers compared 
98 TCR αβ/CD19+ depleted haplo-HSCT to 127 MUD and 118 MMUD trans-
plants. TBI was used in children >3  years of age, and anti-thymocyte globulin 
(ATG) was used in all three donor groups. Nearly two-thirds of the recipients in 
each group had ALL. The ex vivo depleted haplo-HSCT group received no post- 
transplant GvHD prophylaxis medications. Calcineurin inhibitors and short-term 
methotrexate were used in the MUD and MMUD cohort. Graft failure rate was 2% 
in all three groups; however, the neutrophil and platelet engraftment was faster in 
the ex  vivo depleted haploidentical HSCT group. Reconstitution of CD3/CD4+ 
T-cells was better at 3 months in the MUD group; however, by 12 months, it was 
better in the haplo-HSCT group. The TRM rate was 8% in MUD, 9% in ex vivo 
depleted haplo-HSCT, and 28% in MMUD. The cumulative incidence of grade 3–4 
aGvHD in the MUD vs. MMUD was 6% vs. 18%, respectively, compared to no 
grade 3–4 aGvHD in the ex vivo depleted haplo-HSCT recipients. The rate of CIR 
was 26%, 17%, and 29% in MUD, MMUD, and αβhaplo-HSCT recipients, respec-
tively. The probability of 5-year LFS and cGvHD-free/relapse-free (GRFS) survival 
was equivalent among the MUD and αβhaplo-HSCT groups (67% and 61% in MUD 
vs. 62% and 58% in haplo, respectively); however, it was lower at 55% and 34% in 
the MMUD cohort [69].

The group also compared the results of the TCRαβ/CD19+ B cell depleted hap-
loidentical transplants to 41  MSD transplants performed during the same time 
period. The probability of 5-year LFS for ex vivo depleted haploidentical donor vs. 
MSD was 70.7% vs. 68.1%, and GRFS was 70.7% vs. 63.2%, respectively. TBI- 
based conditioning was the only factor affecting the relapse risk in the haploidenti-
cal transplants [70].

The study showed that the outcome of ex vivo depleted haplo-HSCT was non- 
inferior to other alternate donor transplants and superior to MMUD with respect to 
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engraftment, TRM, and GvHD. The marginally higher relapse rates were attributed 
to the high-risk nature of leukemia in the haploidentical cohort. The in vitro studies 
describe an early engraftment of donor-derived mature NK cells in the αβ depleted 
haplo-HSCT to exert a GVL effect and reduce early relapses [71]. One recent study 
suggested that a high CD56dim/CD56bright NK cell ratio early after ex vivo TCR αβ/
CD19 depleted transplant could lower relapse incidence [72].

 The Impact of Pre-HSCT MRD on HSCT in ALL

MRD pre-HSCT has been established as a principal factor affecting the outcomes of 
transplant. The results of ALL-REZ BFM 2002 (NCT00114348) trial showed that 
EFS was worse in patients with MRD > 10−3 compared to patients with MRD < 10−3 
before HSCT (50% vs. 81%, P = 0.016) [41, 73]. The high-risk relapsed ALL group 
had a similar outcome with EFS of 53% vs. 30% in the MRD-negative vs. MRD- 
positive groups, respectively. MRD prior to HSCT turned out as an independent 
prognostic factor in the multivariate analysis predicting adverse events after HSCT 
(risk ratio 2.4) [74]. The ASCT0431 trial also showed the presence of MRD of 
≥0.1% pre-HSCT was associated with higher relapse risk (HR, 3.3) [75]. The 
FORUM study also showed that children with negative MRD by PCR (<10−6) had 
the best outcome with a 2-year OS of 85% compared to 65% in patients with pre- 
transplant MRD >10−4. Interestingly, the 2-year EFS was not different between the 
two cohorts [62].

Recently, studies have shown that both pre- and post-HSCT MRD seem to affect 
the EFS after HSCT. The ALL-BFM-SCT 2003 trial found that the discriminatory 
power of MRD detection 1 month post HSCT to predict the probability of relapse 
was more than 96% [76]. The Westhafen Intercontinental group for pediatric HSCT 
recently published a multicenter observational study on the role of MRD post HSCT 
and factors affecting CIR. Six hundred and sixteen pediatric subjects who under-
went HSCT for ALL across North America and Europe were included. The post- 
HSCT MRD emerged as the most crucial factor influencing the relapse risk. The 
study found that patients with high pre-HSCT MRD levels had a reasonable chance 
of survival if they achieved MRD negativity early after HSCT. The other factor that 
could modify post-HSCT outcomes even in MRD+ patients was aGvHD. The study 
proposed and validated an integrated risk score (IRS) to risk-stratify patients into 
three risk groups based on (1) remission status, CR2 or more; (2) conditioning regi-
men TBI- vs. non-TBI-based regimen; and (3) pre-HSCT MRD (10−3 to 10−4 by 
qPCR or 0.1–0.01% by flow). The good outcome subgroup (IRS < 5) had CIR at 1 
and 2 years of 16% (95% CI 11–21) and 21% (95% CI 15–27). The intermediate 
outcome subgroup (IRS 6–9) had CIR at 1 and 2 years of 32% (95% CI 20–44) and 
38% (95% CI 30–56). The poor outcome group (IRS > 9) had CIR at 1 and 2 years 
of 41% (95% CI 30–53) and 47% (95% CI 35–59) [77].
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 GvHD and GVL Effect

The GVL effect by either acute or chronic GvHD was established in the early days 
of HSCT for pediatric ALL [3, 4]. A recent CIBMTR study explored the role of 
GVL in ALL by evaluating 5215 adult and pediatric patients from 287 centers. 
Grade 1 and 2 aGvHD without cGvHD provided the best survival advantage in 
pediatric ALL HSCT with a 17–24% lower risk of mortality compared to those with 
no GvHD. The DFS and OS were significantly worse for patients with grade 3 and 
4 aGvHD with or without cGvHD, indicating that severe GvHD did not provide 
effective protection against relapse [78]. An earlier study also found patients with 
aGvHD to have lower relapse risk in ALL, and cGvHD had a protective effect 
against relapse in myeloid leukemias [79]. Interestingly, patients with Ph + ALL 
seemed to be particularly sensitive to GVL effect, with significantly fewer relapses 
in Ph + ALL compared to other subtypes of ALL [80]. The ASCT0431 study showed 
that pre-HSCT MRD and presence of aGvHD impacted the relapse risk. The lowest 
relapse rate was seen in patients with negative MRD pre-HSCT and aGvHD [81]. A 
few papers have reported the possible development of resistance to GVL in the ALL 
by biasing toward a Th2 response post HSCT resulting in relapse [82].

 Post-Transplant Prophylaxis

The role of post-HSCT prophylaxis is unknown in pediatric ALL. MRD positivity 
and a drop in chimerism post HSCT are associated with an increased risk of relapse, 
although MRD appears to be the better predictor. The general consensus is to intro-
duce pre-emptive or prophylactic approaches between 60 and 100 days after HSCT, 
prior to the majority of documented relapses [76]. Pre-emptive interventions like 
rapid withdrawal of immune suppression and use of targeted therapies such as blin-
atumomab early post HSCT may improve outcomes in MRD-positive disease. 
There are two pediatric pre-emptive trials in Canada and Europe evaluating the role 
of blinatumomab post HSCT. Routine evaluation of MRD post HSCT starting day 
+30 can identify patients at a higher risk of relapse, and a reasonable monitoring 
schedule of MRD status post HSCT would be day +30, +56–60, +90–100, 6 months, 
9 months, and 12 months.

The role of TKI prophylaxis after HSCT for Ph + ALL is uncertain. The COG 
AALL0031 trial and a study from Fred Hutchinson Center evaluated the feasibility 
of addition of TKIs post HSCT; however, both studies were non-randomized and 
could not establish if TKI prophylaxis improved OS [30]. The current large pediat-
ric EsPhALL/COG Ph  +  ALL trial, AALL1631 (NCT03007147), is again non- 
randomly assigning patients with HR Ph  +  ALL to receive a transplant and 
recommends imatinib post HSCT.  However, even this large study  may not have 
sufficient numbers to address the efficacy of TKI prophylaxis post HSCT. Imatinib 
is an immune suppressive agent and has been used to treat cGvHD [83]. Ideally, it 
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should decrease rates of both cGvHD and relapse; however, data on its role post 
HSCT is lacking. A large CIBMTR registry study evaluating the impact of TKI post 
HSCT in chronic myeloid leukemia did not demonstrate survival advantage with the 
addition of TKI [84]. The efficacy of TKI prophylaxis post HSCT in pediatric 
Ph + ALL still remains questionable.

 CNS Prophylaxis

The incidence of CNS relapse of leukemia after HSCT ranges from 2% to 5.5% in 
patients without previous CNS disease and 11% to 27% among patients with prior 
CNS involvement [85, 86]. Though intrathecal (IT) therapy pre-HSCT has reduced 
the rate of CNS relapse to less than 10%, evidence for the efficacy of prophylactic 
IT therapy post HSCT is limited in pediatrics [87]. The retrospective multicenter 
study by Gustafsson et al. in 2010 reviewed 397 post-allogeneic HSCT patients for 
ALL or AML between 1992 and 2006. The study did not find a statistically signifi-
cant difference in the incidence of isolated or mixed CNS relapses between those 
who did and who did not receive IT prophylaxis post HSCT [88]. A survey was 
conducted by EBMT in 2005 to describe the current practice of IT prophylaxis in 
HSCT. Ninety centers participated, of which 42 (47%) had never used pre- or post- 
transplant IT prophylaxis, and pre-transplant IT therapy (close to HSCT) was given 
in 48 centers (53%), whereas only 29 centers (32%) were found to use post- 
transplant IT therapy. The EBMT study group (adult and pediatric) concluded that 
routine IT prophylaxis should not be given to patients without prior CNS involve-
ment, but the study did not evaluate the efficacy of the therapy post HSCT [89]. The 
recent ASBMT statement also recognizes the lack of data on the role of routine 
post-HSCT CNS prophylaxis and urges for a well-designed study to answer the 
question [90]. Cranial radiation has been routinely used to treat CNS3 disease. A 
recent study looking at the role of cranial boost pre-HSCT found that none of the 30 
children with prior CNS disease relapsed post TBI with cranial boost [91]. TBI 
combined with cranial boost is being routinely used as part of conditioning regimen 
in patients with prior CNS disease.

 Long-Term Outcomes of HSCT

The 1-year post-transplant survival rates have improved dramatically over the last 
decade. Though the CIBMTR study concluded that the prospect for long-term sur-
vival is excellent at 85% for survivors beyond 2 years  of allogeneic HSCT, life 
expectancy still remains lower than expected in them. The incidence of relapse and 
cumulative incidence of non-relapse mortality (NRM) at 10 years post HSCT for 
ALL are low; however, morbidity is significant. Development of chronic GvHD 
before 2 years was an important risk factor for late mortality post HSCT. Second 
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cancers accounted for 2% to 10% of deaths in survivors [92]. Second malignancies 
including thyroid nodules, meningiomas, and carcinomas were seen in up to 20% of 
HSCT survivors [93]. The St. Jude cohort of survivors of childhood HSCT for leu-
kemia showed that by the age of 25 years, the cumulative burden of chronic disease 
was 1.5 times higher for a HSCT survivor compared to 0.6 for a survivor treated 
with chemotherapy. There were higher rates of hypertension, dyslipidemia, abnor-
mal glucose metabolism, and obesity among HSCT survivors indicating that the 
incidence of metabolic syndrome was higher in long-term childhood HSCT survi-
vors [94].

While HSCT is a life-saving procedure, it comes with a risk of serious long-
term complications, including cGvHD. Chronic GvHD is seen in 25% of pediatric 
HSCT survivors causing prolonged and often irreversible organ damage. The 
effects of residual cGvHD on children include stunted growth, poor lung func-
tions, and joint deformities. In addition, metabolic syndrome, cardiovascular 
events, infection, and restricted mobility are amplified with cGvHD (Table 17.3). 
A recent retrospective study on 1246 adult HSCT patients from Sweden found that 
cGvHD was associated with considerable losses in workplace productivity and 
added to the financial burden of the society [95]. An analysis of children in British 
Columbia who received HSCT showed that drug and physician costs were at least 
two times higher for children who developed cGvHD compared to those who did 
not [96]. It also has devastating effects on the psychosocial functioning of survi-
vors, significantly impairing their overall quality of life [97]. Data from the HSCT 
Survivor and Childhood Cancer Survivor Study revealed that allogeneic HSCT 

Table 17.3 QOL issues and relative severity in pediatric and AYA HSCT and cancer survivors

Survivorship issue Unique to HSCT survivors
Unique to 
cancer survivors

Without cGvHD With cGvHD

Endocrine
   Infertility
   Hypothyroid.

+++
+

+++
+

+
+/−

Depression ++ +++ +
Vocational ++ +++ +
Dyslipidemia/metabolic syndrome ++ +++ +
Lack of worth ++ +++ +
Fatigue + +++ +/−
Pulmonary failure
   Bronchiolitis obliterans.
   Pulmonary fibrosis.

−++ +++
++

+/−
+/−

Restricted mobility − +++ +/−
Infections ++ +++ −
Secondary malignancy ++ +++ +
Cardiomyopathy + + +
Sexual dysfunction + +, if mild cGvHD

+++, if moderate cGvHD
+/−
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recipients with active cGvHD had poorer general health, more pain, and greater 
functional and activity impairment compared to survivors treated with chemo-
therapy [98]. Few studies have specifically examined social attainment outcomes 
including employment, educational attainment, and relationship status in survi-
vors of HSCT with cGvHD. Studies suggest that healthcare professionals’ percep-
tions of pediatric and adolescent needs are significantly different from the actual 
needs expressed by survivors [99]. These discrepancies ultimately affect the deliv-
ery of follow-up care to survivors resulting in many survivors being lost to follow-
up in adulthood. The pediatric transplant centers need to establish proactive 
long-term follow-up programs to help with transition of pediatric transplant survi-
vors into adulthood.

 HSCT in Era of CAR-T Cell Therapy

In August of 2017, FDA approved tisagenlecleucel, the anti-CD19 CAR, for 
patients with relapsed and refractory B lymphoblastic disease. Seventy-five patients 
enrolled in the ELIANA trial (NCT02435849) received CAR-T cell therapy. The 
overall remission rate at 3 months was 81%, and the EFS rates were 73% at 6 months 
and 50% at 12 months [100]. The phase 1 NCI trial using anti-CD19 (NCT01593696) 
or anti-CD22 (NCT02315612) CAR-T cell protocol had 25 patients receive alloge-
neic HSCT after achieving MRD-negative status post CAR-T cell therapy. The 
24-month CIR was reported at 13.5% after anti-CD19 and 11.3% after anti-CD22 
CAR therapy. Up to 40% of patients developed aGvHD, with 12% having severe 
aGvHD. The paper concluded that CAR-T cells may have a synergistic effect on 
HSCT prior to the emergence of CD19/22 negative clones and reduce the subse-
quent relapse risk [101]. The role of HSCT post CAR-T cell is evolving as the cur-
rent studies are non- randomized with a bias towards transplanting patients with 
higher risk of relapse.

 Future of HSCT in ALL

HSCT continues to be the primary established immune therapy against hematopoi-
etic malignancies for long-term remission  While new targeted, potentially less- 
morbid immune therapies like CAR-T cells, bi-specific antibodies, and conjugated 
antibody therapies can give impressive initial responses, they often need to be con-
solidated with HSCT for durable remissions. These agents can be helpful in achiev-
ing MRD-negative remission in higher-risk ALL patients, and their lower toxicity 
profile reduces the comorbidities prior to HSCT, giving patients the best possible 
outcome post HSCT with a sustained remission and minimal morbidity. The best 
role for HSCT in treatment of ALL amidst the newer immune therapies needs to be 
determined through large multicenter cooperative trials.
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