
Comparative features and outcomes between paediatric T-cell 
and B-cell acute lymphoblastic leukaemia

David T Teachey,
Hematology and Oncology, Children’s Hospital of Philadelphia, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA, USA

Ching-Hon Pui
Department of Oncology, St Jude Children’s Research Hospital, Memphis, TN, USA

Abstract

Contemporary paediatric clinical trials have improved 5-year event-free survival above 85% and 

5-year overall survival above 90% in B-cell acute lymphoblastic leukaemia (ALL) in many study 

groups, whilst outcomes for T-cell ALL are still lagging behind by 5–10% in most studies. 

Several factors have contributed to this discrepant outcome. First, patients with T-cell ALL are 

generally older than those with B-cell ALL and, therefore, have poorer tolerance to chemotherapy, 

especially dexamethasone and asparaginase, and have increased risk of extramedullary relapse. 

Second, a higher proportion of patients with B-cell ALL have favourable genetic subtypes 

(eg, ETV6–RUNX1 and high hyperdiploidy), which confer a superior outcome compared with 

favourable subtypes of T-cell ALL. Third, T-cell ALL blasts are generally more resistant to 

conventional chemotherapeutic drugs than are B-cell ALL blasts. Finally, patients with B-cell ALL 

are more amendable to available targeted therapies, such as Philadelphia chromosome-positive 

and some Philadelphia chromosome-like ALL cases to ABL-class tyrosine kinase inhibitors, and 

CD19-positive and CD22-postive B-cell ALL cases to a variety of immunotherapies. Several novel 

treatments under investigation might narrow the gap in survival between T-cell ALL and B-cell 

ALL, although novel treatment options for T-cell ALL are limited.

Introduction

Acute lymphoblastic leukaemia (ALL) is the most common paediatric cancer, accounting 

for nearly a quarter of all cases of paediatric cancer.1 Based on the immunophenotype, ALL 

cases can be broadly classified as B-cell or T-cell ALL, with T-cell ALL comprising 10–

15% of newly diagnosed cases, depending on age range, race, or ethnicity of the population 

in question. Historically, patients with T-cell ALL have had worse outcomes than patients 

with B-cell ALL in most clinical trials, with a few exceptions such as the Berlin-Frankfurt-

Münster 86 protocol2 and the Dana-Farber Cancer Institute Protocol 85–01.3 These two 

clinical trials yielded similar results for patients with B-cell ALL and T-cell ALL, a finding 
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attributed to the intensive use of cyclophosphamide, dexamethasone, asparaginase, and 

anthracycline for both trials. With recent advances in risk-directed treatment, 5-year event-

free survival has exceeded 85% and overall survival over 90% for all patients with ALL in 

many contemporary clinical trials (table 1).4–15 However, the outcome for T-cell ALL is still 

inferior to that for B-cell ALL in most studies. In this Review, we assess the clinical and 

biological characteristics, and the treatment components, that potentially accounted for the 

differences in treatment response and outcome between B-cell ALL and T-cell ALL, before 

summarising recent developments in biological studies and treatment that could be used to 

improve outcomes for both B-cell and T-cell ALL.

Clinical differences

Compared with patients with B-cell ALL, those patients with T-cell ALL are generally 

older; more likely to be male; have higher presenting leucocyte count, haemoglobin 

concentration, and platelet count; and have a higher frequency of mediastinal mass and 

blast cells in cerebrospinal fluid due to CNS disease status 2 (<5 leucocytes per μL with 

blasts), CNS3 (≥5 leucocytes per μL with blasts), or traumatic lumbar puncture with blasts 

(≥10 erythrocytes per μL with blasts) at diagnosis (table 2). Older age at presentation 

contributed to the generally poorer outcome of patients with T-cell ALL than that of patients 

with B-cell ALL. Besides compliance issues, adolescents (10–19 years old) have more 

treatment-related morbidities and mortality, especially those associated with dexamethasone 

and asparaginase, such as osteonecrosis, thrombosis, pancreatitis, and liver dysfunction, than 

do younger children.13 Increased toxicities were attributed to poorer clearance and hence 

increased exposure to dexamethasone in the older age group, and the potentiated effect of 

concomitant use of asparaginase on dexamethasone.16 Increased dose intensity of treatment 

with dexamethasone and asparaginase generally improved the outcome of patients with 

T-cell ALL.16 However, a randomised study of non-very high-risk patients (ie, did not fit the 

criteria, defined by the presence of blast count in peripheral blood ≥1 × 109/L at completion 

of the prephase [day 8], presence of t[9;22], t[4;11], or another MLL rearrangement, near-

haploidy [<34 chromosomes], hypodiploidy [35–40 chromosomes], acute undifferentiated 

leukaemia, minimal residual disease ≥10−2 at completion of induction [day 35], or failure to 

achieve complete remission or good partial response) found that prolonged treatment with 

native Escherichia coli asparaginase was unable to improve outcome for patients with T-cell 

ALL.17

T-cell ALL appears to have a 2–3 times higher incidence in male patients than female 

patients (table 2), a finding in which the genetic causes are not fully understood. Inactivating 

somatic mutations and deletions of the X-linked PHF6 tumour suppressor gene have been 

identified in a cohort of 38% adult and 16% paediatric T-cell ALL samples, and occurred 

almost exclusively in male patients with T-cell ALL (found in 31·5% of male patients and 

2·6% of female patients).18 Because male patients have a single copy of PHF6, loss of 

function mutation in this gene is much more likely to trigger T-cell ALL leukaemogenesis 

than in female patients, pointing to PHF6 as a plausibly haplosufficient tumour suppressor 

gene in this type of leukaemia. Mutational loss of PHF6 has been associated with T-cell 

ALL development, which is driven by aberrant expression of the homeobox transcription 
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factor oncogenes TLX1 and TLX3.18 PHF6 mutations were not associated with NOTCH1, 

FBXW7 or PTEN mutations, nor were they associated with overall survival.18

Compared with B-cell ALL, T-cell ALL affects a higher proportion of black patients,6,19 

who generally have poorer survival than that of white patients;6 however, with contemporary 

treatment options, the gap in overall 5-year survival rates has significantly decreased 

between the two races from 11·0% in 1990–94 to 3·3% in 2000–05, especially among those 

with T-cell ALL (from 5·0% to 0·02% in one study).6 Through genome-wide association 

studies (GWAS), 13 ALL risk loci have been identified for B-cell ALL in genes associated 

with haemapoietic development and tumour suppressor pathways.20 These known risk 

alleles have different effects on T-cell ALL or B-cell ALL susceptibility. For example, 

ARID5B risk variant is largely specific to B-cell ALL,21 whereas the CDKN2A/CDKN2B 
allele is associated with a comparable level of increase in the risk of developing B-cell ALL 

and T-cell ALL.22 Overall, the genetic basis of T-cell ALL predisposition remains poorly 

understood.

National Cancer Institute (NCI)/Rome criteria

In a workshop sponsored by the Cancer Therapy Evaluation Program of the US NCI, 

presenting age and leucocyte count were used to develop a risk stratification schema for 

B-cell ALL.23 Patients with B-cell ALL were classified into two risk groups: a standard-risk 

group, comprising two-thirds of patients aged between 1 year and 9 years and presenting 

a leucocyte count of less than 50 × 109 cells per L; and a high-risk group, comprising the 

remaining third of patients aged younger than 1 year, aged 10 years and older, or presenting 

with a leucocyte count ≥50 × 109 cells per L. This NCI criteria is not useful for T-cell ALL. 

Although high presenting leucocyte count appears to have little effect on event-free survival 

or overall survival in T-cell ALL, leucocytosis over 1 × 106 cells per μL and the presence of 

blasts in the cerebrospinal fluid at diagnosis are independent risk factors for CNS relapse in 

T-cell ALL.14,24

Immunophenotypic differences

Leukaemia develops from transforming events in early haemapoietic progenitors, with 

subsequent acquisition of multiple alterations in genes involved in survival, differentiation, 

and proliferation.25 Both normal B and T lymphocytes derive from haemapoietic stem 

cells in the bone marrow. B lymphocytes mature in the bone marrow through a series 

of developmental stages identifiable through expression of specific transcription factors 

and cell surface markers. T-lymphocyte development occurs as early lymphoid progenitors 

emigrate from the marrow to the thymus. Functional T cells undergo positive selection and 

autoreactive T cells are elimated (undergo negative selection). Most cases of B-cell ALL 

originate from clones that are developmentally arrested at the pre–pro-B cell or pro-B cell 

stages. Except for mature B-cell ALL, developmental stage lacks prognostic or therapeutic 

relevance.25 T-cell ALL arises from clones at various stages of intrathymic development. 

The European Group for the Immunological Classification of Leukemia divides T-cell ALL 

according to developmental stage into pro-T, pre-T or immature, cortical-T, and mature-T 

(appendix p 1).26 Although useful in some older studies, developmental stage in T-cell ALL 
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also no longer has independent prognostic value with contemporary treatments based on 

minimum residual disease-based risk stratification.

Early T-cell precursor ALL and mixed-phenotype acute leukaemia

Early T-cell precursor ALL is a subtype of T-cell ALL defined by a specific 

immunophenotype, with expression of T-lineage and myeloid and early progenitor cell 

markers (appendix p 1), and represents 10–15% of all T-cell ALL cases.27 Early T-cell 

precursor ALL arises from a T-cell clone in early lineage development and does not meet the 

WHO definition of an acute leukaemia of ambiguous lineage.28,29 The genetic alterations 

found in early T-cell precursor ALL are distinct from those of non-early T-cell precursor 

ALL and are most similar to those of blasts from T-myeloid mixed-phenotype acute 

leukaemia.30 Most cases of early T-cell precursor ALL have alterations in transcriptional 

regulators (>80%), JAK and STAT signalling (>40%), and epigenetic regulation (>80%).30 

Notch signalling and cell cycle alterations are less common in early T-cell precursor ALL 

than in non-early T-cell precursor ALL.

Early studies suggested early T-cell precursor ALL might signify a particularly poor 

prognosis with high minimum residual disease at the end of remission induction, and was 

associated with a less than 20% 5-year overall survival.27 Early T-cell precursor ALL tends 

to be inherently corticosteroid resistant, and thus has a markedly higher induction failure 

than non-early T-cell precursor ALL. In the Children’s Oncology Group AALL0434 clinical 

trial, M3 marrow (>25% blast by morphology) was found in 7·8% of patients with early 

T-cell precursor ALL but in only 1·1% of patients with non-early T-cell precursor ALL at 

the end of induction.31 Data published in 2016 from multiple groups suggested that early 

T-cell precursor ALL was associated with event-free survival and overall survival outcomes 

approaching those of non-early T-cell precursor ALL when the protocol contained more 

intensive cyclophosphamide therapy.31,32

Mixed-phenotype acute leukaemias, a collection of high-risk subtypes with myeloid and 

lymphoid features, can be broadly classified into B-myeloid and T-myeloid subtypes.28,29 

ZNF384 rearrangement is common in the B-myeloid subtype, and biallelic WT1 alterations 

are common in the T-myeloid subtype, which shares genomic features with early T-

cell precursor ALL, such as RAS and JAK–STAT pathway mutations.28 In a study of 

mixed-phenotype leukaemia, ALL-type therapy was superior to acute myeloid leukaemia-

type therapy, which was preferable only for a minority of patients with CD19-negative 

leukaemia.29

Genetic differences

Based on leukaemia cell genetic abnormalities, ALL cases can be broadly classified into 

three categories: low, intermediate, and high risk, although the proportions of patients in 

each category can differ between T-cell and B-cell ALL (figure, table 3).33,34 Heterogeneity 

exists in treatment response among patients with the same genetic subtypes, partly due to 

cooperative mutations and germline genetic variants.20 Nevertheless, the genetic alterations 

can be combined with clinical variables and response to therapy to risk stratify patients with 

B-cell ALL into prognostic groups. Although genetic alterations can be used to classify 
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T-cell ALL, their prognostic value is tenuous in the context of minimum residual disease-

stratified therapy. Throughout, child or childhood will refer to patients <21 years of age, 

unless otherwise indicated.

B-cell ALL genetic alterations

ETV6–RUNX fusion (also known as TEL-AML1)—ETV6–RUNX1 is the most 

common genetic fusion in childhood B-cell ALL, occurring in 20–25% of patients.36 

The translocation, t(12;21)(p13;q22), is cryptic cyto-genetically, but is identifiable by 

reverse transcription-PCR or florescence in-situ hybridisation (FISH). Studies evaluating 

cord blood, monozygotic twins, and neonatal blood spots of children with ALL show 

that ETV6–RUNX1 fusion is an initiating event that usually occurs in utero, leading to 

a preleukaemic state with a postnatal latency period of up to 14 years.37 ETV6–RUNX1 
is not sufficient for leukaemogenesis and additional alterations of genes involved in the 

cell cycle and B-cell lineage differentiation, such as CDKN2A or PAX5, or chromosomal 

gains or losses, are needed for leukaemic transformation.37 Most studies show that ETV6–
RUNX1 is an independent predictor of favourable outcome, which has led many cooperative 

groups to reduce treatment intensity in this subgroup of patients,38 with the exception 

of those with persistent minimum residual disease who have worse outcomes.39 By use 

of RNA sequencing, a new subtype of ETV6–RUNX1-like ALL was identified with the 

same gene-expression profile as that of ALL with ETV6–RUNX1 and coexisting ETV6 
and IKZF1 alteration, but without the fusion transcript.40 These cases appeared to have a 

low-to-intermediate risk prognosis, with two cases of relapse among the ten cases studied.

Aneuploidy—Entire chromosome losses or gains (aneuploidy) are frequently identified in 

ALL blasts. High hyperdiploidy (51–67 chromosomes; DNA index ≥1·16) is very common 

in B-cell ALL, being identified in 20–30% of cases.33,36 Non-random gains in chromosomes 

4, 10, 14, 17, and 21 are most common, and high hyperdiploidy is associated with a 

favourable prognosis. Similar to ETV6–RUNX1, initiating events often occur prenatally.41 

The cause of high hyperdiploidy is poorly understood; however, GWAS have shown an 

association between 10q21.2 mutations and high hyperdiploidy.21 The 10q21 risk locus for 

high hyperdiploid ALL is mediated by the single nucleotide polymorphism rs7090445, 

which interacts with the ARID5B transcription start site and affects RUNX3 binding, 

leading to abnormal lymphocyte development and clonal expansion.42

Hypodiploid ALL (<44 chromosomes) is uncommon (2–3% of cases) and associated with 

inferior outcome compared with hyperdiploid ALL. Hypodiploid ALL is heterogeneous, 

comprising several subgroups of differing biology and prognosis.43 Near-haploid ALL (25–

29 chromosomes) is characterised by genetic alterations affecting RAS and receptor tyrosine 

kinase signalling, and a high frequency of IKZF3 alterations.43 Low-hypodiploid cases (32–

39 chromosomes) frequently have alterations in TP53, IKZF2, and RB1. TP53 alterations 

have been identified in 90% of patients with low hypodiploid ALL, with approximately 50% 

of these cases having germline TP53 alterations.43 Patients with germline TP53 alterations 

are at increased risk of relapse and secondary cancer development.44 Thus, all patients 

with low hypodiploid ALL should be tested for Li-Fraumeni Syndrome, a hereditary cancer 

predisposition syndrome. Patients with high-hypodiploid ALL with 44 chromosomes have 
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been found to have better survival outcomes than those with 40–43 chromosomes, who in 

turn had better outcomes than those patients who had near haploidy or low haploidy.45 Data 

have shown that hypodiploid patients with negative minimum residual disease at the end of 

remission induction therapy can be treated with chemotherapy alone.45

BCR–ABL1 fusion gene (also known as the Philadelphia chromosome 
translocation) and Philadelphia chromosome-like ALL—Rearrangement of t(9;22)

(q34;q11.2) resulting in the Philadelphia chromosome and BCR–ABL1 oncogene fusion 

occurs in approximately 3% of childhood ALL and approximately 25% of adult cases 

of ALL. Before the development of tyrosine kinase inhibitors (TKIs), Philadelphia 

chromosome-positive B-cell ALL was a marker of poor survival, associated with an overall 

survival of less than 50%.46 More recent trials combining the TKIs imatinib or dasatinib 

with multiagent chemotherapy have shown markedly improved outcomes, with 5-year 

overall survival approaching 75%.46 Alterations in IKZF1 are present in approximately 

80% of Philadelphia chromosome-positive B-cell ALL cases and might be associated with 

chemotherapy resistance and inferior outcomes compared with Philadelphia chromosome-

positive ALL without IKZF1 mutations, although more research is needed to confirm this 

association.47

Philadelphia chromosome-like ALL is characterised by an activated kinase gene expression 

profile resembling that of Philadelphia chromosome-positive ALL with a high frequency of 

IKZF1 alterations, but is BCR–ABL1-negative. Patients with Philadelphia chromosome-like 

ALL represent approximately 10% of those with childhood NCI standard risk, about 15% of 

childhood NCI high risk, about 20% of adolescent cases of ALL, and approximately 27% 

of young adult cases of ALL.48,49 Philadelphia chromosome-like ALL is heterogeneous 

and associated with a wide range of genetic alterations that are responsive to different 

tyrosine kinase or signal pathway inhibitors (appendix p 2). CRLF2 rearrangements leading 

to activation of PI3K/AKT/mTOR and JAK–STAT signalling are common in Philadelphia 

chromosome-like ALL, especially in older patients and in Native American and Hispanic or 

Latino populations.47 Approximately 50% of patients with CRLF2-rearranged Philadelphia 

chromosome-like ALL harbour JAK2 or JAK1 mutations.48,49 Among the patients without 

CRLF2 rearrangements, 15–20% have rearrangements in ABL1, ABL2, CSF1R, platelet-

derived growth factor receptors (PDGFR) alpha and beta, and might respond to ABL-class 

TKIs. 10–15% of patients without CRLF2 rearrangements have lesions that activate JAK–

STAT signalling, including JAK2 fusions or truncating rearrangements in erythropoietin 

receptor.48,49 Although most Philadelphia chromosome-like ALL cases require intensive 

treatment, those with negative minimum residual disease at the end of induction therapy 

have excellent outcomes (as defined in each citation), even when treated with low-intensity 

chemotherapy.48,49

TCF3–PBX1 and HLF fusion genes—TCF3 (formerly E2A) encodes an E protein that 

is a basic helix-loop-helix transcription factor involved in B-lymphocyte and T-lymphocyte 

development.36,50 For B-cell ALL, t(1;19)(q23;p13.3) with TCF3–PBX1 fusion occurs in 

4% of children and t(17;19)(q22;p13.3) with TCF3–HLF fusion occurs in less than 1% of 

children.47 Once associated with poor prognosis, ALL with TCF3–PBX1 is now considered 
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a low-to-intermediate risk genotype with contemporary minimum residual disease-stratified 

treatment. TCF3–HLF, by contrast, is associated with very poor survival outcomes.47

Other B-cell ALL genetic alterations—iAMP21 was first described in 2003, after 

detection of multiple copies of RUNX1 during testing by FISH for ETV6–RUNX1, 

and was associated with poor outcomes.51 iAMP21 occurs in approximately 2% of 

childhood B-cell ALL and arises from complex structural rearrangements of chromosome 

21, including breakage–fusion–bridge cycles followed by chromothripsis. Contemporary 

intensified therapy has significantly improved its prognosis.52

DUX4 overexpression as a consequence of IGH–DUX4 fusions occurs in approximately 

5% of patients with B-ALL.53 The rearrangements lead to loss of function of ERG, which 

can also be seen with ERG–DUX4 fusions. Despite a high frequency of IKZF1 deletions, 

IGH–DUX4 has favourable prognosis.40 MEF2D and ZNF384 rearrangements have been 

identified from unique gene expression signatures.54 Each appear to be represented in 

approximately 3% of childhood cases of B-cell ALL on the basis of initial reports, but 

more data are needed to establish actual prevalence. MEF2D rearrangements might result in 

inferior outcomes and ZNF384 rearrangements in intermediate outcomes.20 More recently, 

RNA sequencing has identified new subtypes, driven by the lymphoid transcriptional factor 

gene PAX5, which affected 4–5% of patients and appeared to relate to an intermediate 

prognosis.55

T-cell ALL genetic alterations

T-cell ALL is more genetically diverse than B-cell ALL, and no genetic alterations have 

been identified that reproducibly and independently predict outcome. In a comprehensive 

genomic analysis as part of the Therapeutically Applicable Research to Generate Effective 

Treatments (TARGET) initiative, 106 putative driver genes were identified among 264 

children and young adults with T-cell ALL.34

Grouping by transcription factor oncogenes—T-cell ALL can be divided into 

biological subgroups either by gene expression profiling or by mutated functional pathways 

(figure).34 T-cell ALL can be segregated by increased expression of various transcription 

factors, including TAL1, TLX1 (also known as HOX11), TLX3, LMO1, LMO2, MEF2C, 

and HOXA.56 The increased expression is often the result of a chromosomal rearrangement 

that juxtaposes the T-cell receptor and the proto-oncogenes that encode the transcription 

factors. Alternative mechanisms include translocations that rearrange the proto-oncogenes 

with other partners; mutations or insertions in non-coding regions that can activate the proto-

oncogenes; or alterations such as duplications that lead to amplification of the transcription 

factors.57 TAL1 can be activated through multiple mechanisms, such as by mutations in the 

TAL1 structural loop that create superenhancers. Other transcription factor genes, including 

MYB, MED12, and MYCN, can be altered by rearrangements, mutations, or amplifications.

Grouping by dysregulation of targetable functional pathways—T-cell ALL can 

also be divided into subgroups on the basis of genomic alterations that lead to dysregulation 

of potentially targetable functional pathways (figure).34 Importantly, alterations in these 
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pathways are not mutually exclusive, and T-cell ALL blasts commonly have genomic 

alterations leading to dysregulation of multiple pathways. A strong correlation has been 

identified between the type and frequency of genetic alterations, the developmental stage 

of T-cell ALL blasts, and different T-cell ALL subgroups. For example, NRAS and FLT3 
mutations are associated with immature T-cell ALL, JAK3 and STAT5B mutations with 

HOXA1-deregulated ALL, PTPN2 mutations with TLX1-deregulated ALL, and PIK3R1 
and PTEN mutations with TAL1-deregulated ALL.34

The most common signalling pathway abnormally activated in T-cell ALL is that mediated 

by the Notch1 pathway (70–80% of patients).34 Notch1 signalling is crucial in T-cell 

lineage commitment, activation, and proliferation, and can be dysregulated through multiple 

mechanisms. Activating mutations in NOTCH1 or loss of function of the negative regulator 

FBXW7 leading to aberrant activation of the NOTCH pathway occur in 65–70% of 

T-cell ALL cases, often co-occurring with loss of the CDKN2A locus, which encodes 

tumour suppressors p16INK4A and p14ARF.56 Notch1 can also be activated as a result of 

dysregulation of other pathways, including the c-myc and PI3K/AKT/mTOR pathways.

PI3K/AKT/mTOR signalling, which has important roles in cell death, metabolism, and 

proliferation, is abnormally activated in T-cell ALL in approximately 30% of patients, 

most commonly from loss of PTEN, resulting in AKT activation.31 PTEN loss can occur 

because of PTEN deletions or mutations. Additionally, PI3K/AKT/mTOR can be activated 

by mutations in PI3KCA, PIK3R1, IL7R, or AKT, or secondarily from activation of Notch, 

Ras, or JAK–STAT.31 Abnormal activation of JAK–STAT (approximately 25% of patients) 

and RAS (approximately 15% of patients) is also relatively frequent in T-cell ALL, most 

commonly in early T-cell precursor ALL.34 JAK–STAT can be activated through JAK 

pathway gene fusions such as TEL–JAK2, through mutations in IL7R, JAK1, JAK3, STAT5, 

or through deletions in PTPN2.31 RAS can be activated through mutations in NRAS, FLT3, 

B-Raf proto-oncogene, serine/threonine kinase (BRAF), and KRAS.31 Both JAK–STAT and 

RAS can also be indirectly activated through dysregulation of other signalling pathways 

including PI3K/AKT/mTOR.

In addition to signalling pathway dysregulation, recurrent alterations in genes regulating 

cell cycle progression or tumour suppression, including in CDKN2A, CDKN2B, cyclin D3 

(CCND3), and RB1, are common (>80% of patients).34 Epigenetic regulators, including 

CREB binding protein (CREBBP) and PHF6, are commonly mutated in T-cell ALL (>60% 

of patients), especially in early T-cell precursor ALL and the LMO2/LYL1 and TLX3 
subgroups.34

Other genetic abnormalities in T-cell ALL—A number of rare fusions including 

NUP214-ABL1, SET nuclear proto-oncogene-NUP214, STMN1-SP1, and EML-ABL1 can 

be seen in T-cell ALL.34 Absence of ABD is prevalent in patients with T-cell ALL who do 

not respond to induction therapy.56 As ABD is characteristic of early thymocyte precursors 

in normal lymphocyte development, there might be overlap between ABD and early T-cell 

precursor ALL.
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Genetic abnormalities seen in B-cell ALL and T-cell ALL

Although the majority of genetic lesions in B-cell ALL and T-cell ALL are mutually 

exclusive, some lesions can be found in both, including KMT2A rearrangement and 

BCR–ABL1. Somatic translocations involving KMT2A (formerly MLL) on 11q23 occur 

in 2–5% of childhood cases of ALL and approximately 75% of infant patients with 

ALL.47,58 KMT2A encodes a methyltransferase that is important in haemapoietic stem cell 

development. KMT2A rearrangements are strong drivers of leukaemia development, and 

require very few cooperating genetic alterations to induce leukaemia formation.58 Infants 

with KMT2A rearrangement have a particularly poor prognosis, especially those younger 

than 90 days old at diagnosis.58 The prognostic significance of KMT2A rearrangement in 

children aged 1 year or older with B-cell ALL varies according to the fusion partner, and 

more than 100 different partners have been reported.47,58 Older children (≥1 year) with 

KMT2A rearrangement have more somatic mutations (mean of 6·5 mutations per patient vs 
1·3 mutations per patient in infants), have frequent mutations in epigenetic regulators, and 

have an intermediate prognosis.47,58 KMT2A rearrangement also occurs in 5–10% of T-cell 

ALL cases. Similar to B-cell ALL, prognosis varies based on fusion partners.36 As described 

earlier, BCR–ABL1 fusions are common in B-cell ALL, and BCR–ABL1 is considerably 

more common than other ABL1 fusions. In T-cell ALL, ABL1 can form fusions with BCR, 

NUP214, and EML1;34 however, these fusions are not common.

Differences in biology and prognosis

A number of biological factors account for the slightly inferior outcome of T-cell ALL 

than that of B-cell ALL. First, the proportion of favourable (low-risk) genetic subtypes is 

higher in B-cell ALL than in T-cell ALL (figure). Second, many of the specific genetic 

subtypes of B-cell ALL have clear prognostic and therapeutic implications and benefit 

from the availability of risk-stratified therapy and targeted therapeutics. With contemporary 

risk-stratified treatment, approximately 50% of patients with B-cell ALL have low-risk 

genetic subtypes, ETV6–RUNX1 and high hyperdiploidy, with 5-year overall survival 

of more than 90%;7,14 approximately 30% of patients have high-risk ALL, such as 

Philadelphia chromosome-positive, Philadelphia chromosome-like, hypodiploid, KMT2A-

rearranged ALL, and MEF2D-rearranged ALL, with 5-year overall survival of less than 

70%;20,45,49 and the remaining patients with intermediate-risk ALL have 5-year overall 

survival between 70% and 90%.20,55,59 Risk-adapted treatment allows intensification of 

therapy for unfavourable biological lesions and reduction in therapy intensity for favourable 

biological lesions. In this regard, intensification of therapy in patients with iAMP21,52 

and the addition of ABL-class TKIs for all Philadelphia chromosome-positive B-ALL and 

approximately 10–15% of patients with Philadelphia chromosome-like ALL with ABL-class 

fusion transcripts, have significantly improved outcome.46,47,49

In contrast to B-cell ALL, no consensus genetic classification with prognostic or therapeutic 

implications has been reached for T-cell ALL, as most genetic alterations in T-cell ALL are 

not absolutely predictive of treatment outcome.36 The majority of relapses among patients 

with T-cell ALL actually occur in those classified to have favourable (low-risk) leukaemia 

based on minimum residual disease, and the prognosis for relapsed T-cell ALL is poor.36 
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Moreover, the interpretation of genetic testing is not simple, and the apparent prognostic 

implications of many alterations vary between studies. For example, activation of the Notch1 

pathway by NOTCH1 or FBXW7 mutations has been associated with a favourable prognosis 

in some studies, whereas alterations in PTEN, partly through its modulatory effect of 

NOTCH1, have been associated with an unfavourable prognosis.60–63 In the UKALL 2003 

trial,62 for example, neither PTEN nor K-RAS or N-RAS genotype significantly influenced 

the clinical outcome, whereas in the French Acute Lymphoblastic Leukemia (FRALLE) 

2000 T trial,64 both PTEN and K-RAS or N-RAS mutations were associated with poor 

outcome. Additional studies are required to clarify these discordant results.

The TARGET study34 identified several putative prognostic genomic alterations that 

required validation. In a univariate analysis, a number of lesions were associated with 

increased risk of relapse, including alterations in AKT1, MLLT10, PTEN, and CNOT3. 

Nevertheless, because of the small number of patients who relapsed in this study (n=20), the 

analysis was not powered to determine if any alterations could predict event-free survival or 

overall survival.

Unlike B-cell ALL, precision medicine approaches for T-cell ALL are lagging behind. As 

the biology of T-cell ALL is now better understood, future trials in T-cell ALL should be 

able to rationally and selectively incorporate new drugs into their treatment design. Notably, 

both JAK and ABL1 kinases are often activated in T-cell ALL, and might be amendable 

through treatment with JAK and ABL1 inhibitors.56

Differences in treatment responses

Minimum residual disease measurement accounts for leukaemic cell genetics and 

microenvironment, host pharmacogenetics, and treatment efficacy. Minimal residual disease 

can be measured by different techniques that can quantify leukaemic blasts, including 

flow cytometry, PCR, and next-generation sequencing. It is usually calculated as the 

number of leukaemic blasts relative to the number of nucleated cells.36 As such, minimum 

residual disease is considered the most important independent prognostic indicator for 

ALL,15 and the effect of its assessment has been consistent across treatment regimens, 

methods and timings of minimum residual disease assessment, various cutoff values, and 

immunophenotypic or genotypic subtypes of leukaemia.65 For example, although IKZF1 
deletion has been associated with poor outcomes in many studies of B-cell ALL, two studies 

have shown that patients with IKZF1 deletion and negativity for minimum residual disease 

(≤10−4) at the end of induction therapy actually have highly favourable outcomes, even when 

treated with low-intensity treatment for standard-risk ALL.66–68

In general, minimum residual disease measurement at two timepoints should be used in 

concert with information on genetic abnormalities to improve its predictive accuracy and 

value.59 Early measurement (table 3) can identify patients with highly curable and drug-

sensitive leukaemia, who exhibit negativity for minimum residual disease after treatment 

with only three or four chemotherapeutic drugs.59 Patients with favourable genetic subtypes 

of B-cell ALL (eg, ETV6–RUNX1-type, high hyperdiploidy) who exhibit negativity for 

minimum residual disease at a very early timepoint (eg, day 8 or 15 of remission induction 
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therapy), especially when confirmed by a highly sensitive minimum residual disease assay, 

such as next-generation sequencing, might benefit from reduction of treatment intensity.68 

By contrast, high-level minimum residual disease (eg, 10−2) at the end of induction 

therapy or persistent leukaemia after consolidation therapy (after exposure to seven or more 

drugs) generally predicts a poor prognosis.68 In this regard, minimum residual disease is 

particularly useful for identifying patients with T-cell ALL with persistent minimum residual 

disease after remission induction and early intensification therapies who might benefit from 

more intensive chemotherapy or allogeneic transplantation.59,68

With recent improvements in treatment and risk stratification, subgroups of patients with 

T-cell ALL might now be predicted to have better survival outcomes.64,69 For example, 

30% of patients with T-cell ALL with NOTCH1 or FBXW7 mutations and germline 

RAS or PTEN mutations, a leucocyte count less than 200 × 109/L at diagnosis, and 

minimum residual disease less than 10−4 at the end of induction who were treated on the 

FRALLE 2000 T protocol had a remarkable 5-year disease-free survival of 98·3%.64 In the 

Associazione Italiana di Ematologia Pediatrica Group (AIEOP)–Berlin-Frankfurt-Munster 

(BFM) ALL 2000 study,5 patients with T-cell ALL who were negative for minimum 

residual disease (≤10−4) at day 78, irrespective of minimum residual disease status at 

day 33, had similar cumulative risk of relapse as those who achieved negativity for 

minimum residual disease at day 33 (8·5% vs 7·5% relapse), whereas those positive for 

minimum residual disease at day 78 had a high cumulative risk of relapse that increased 

with higher minimum residual disease values: 26·3% for less than 10−3, 33·0% for 10−3, 

and 44·7% for more than 10−3. One explanation is that the minimum residual disease 

status at day 78 reflects the response to induction consolidation protocol 1B, comprising 

two courses of cyclophosphamide, cytarabine, and mercaptopurine, a combination that is 

particularly important for T-cell ALL. Despite high minimum residual disease values at the 

early timepoint, patients with early T-cell precursor ALL had intermediate-to-favourable 

outcomes with treatment regimens containing protocol 1B.5,31,32 Similarly, patients with 

high hyperdiploid B-cell ALL who had poor response to remission induction might be 

cured with chemotherapy featuring consolidation treatment with high-dose methotrexate 

and mercaptopurine, a combination particularly effective for this genotype.70 To this end, 

one study found that patients who had decreasing minimum residual disease between the 

endpoint of induction therapy and week 17 of continuation treatment (25 weeks after the 

completion of remission induction) could be treated with chemotherapy alone.15

Differential sensitivity to cytotoxic chemotherapy

Previously, most cooperative groups treated de novo B-cell ALL and T-cell ALL for 2–3 

years with the same chemotherapy backbone. With time it became apparent that B-cell 

ALL and T-cell ALL blasts had different sensitivities to many conventional cytotoxic 

chemotherapeutics, including hydrocortisone, daunorubicin, asparaginase, cytarabine, and 

methotexate.71 Although some study groups use B-cell ALL-focused and T-cell ALL-

focused treatment approaches, the same 12–15 cytotoxic drugs are typically used for both, 

and the primary differences are in the dosing and scheduling of the drugs. All of the 

differences in therapies for B-cell ALL and T-cell ALL are beyond the scope of this Review; 

however, we will highlight a few examples.
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A number of cooperative group trials have compared dexamethasone with prednisone in 

B-cell ALL and T-cell ALL. Patients in the AIEOP-BFM ALL 2000 trial were randomly 

assigned to receive dexamethasone (10 mg/m2 per day) or prednisone (60 mg/m2 per 

day) for 3 weeks (plus tapering of doses over 9 days) during induction therapy after 

completing a 7-day prednisone prophase.72 Dexamethasone treatment resulted in a lower 

overall 5-year cumulative risk of relapse (10·8% vs 15·6% for prednisone), with the largest 

effect observed in reducing extramedullary relapse, but also resulted in higher treatment-

related mortality (2·5%) than did prednisone treatment (0·9%). Patients with T-cell ALL 

with a good response to prednisone (defined as <1·0 × 109/L blasts in blood samples after 

a 7-day prednisone prophase and one intrathecal methotrexate) had increased event-free 

survival and overall survival in the dexamethasone treatment group. By contrast, patients 

with B-cell ALL with a good response to prednisone had superior event-free survival 

in the dexamethasone treatment group but similar overall survival in both groups, as 

the ability to salvage patients after relapse was lower in the dexamethasone treatment 

group. Overall and event-free survival for patients with T-cell ALL or B-cell ALL who 

had poor response to prednisone prophase was the same in both groups. Investigators 

concluded that dexamethasone treatment benefited patients with T-cell ALL who had a good 

response to prednisone. Other cooperative group trials, such as Medical Research Council-

ALL97,73 Japanese L95–14,74 Dana-Farber Cancer Institute 91–01P,75 and the Children’s 

Cancer Group-192276 trials also found higher (albeit non-significant in some of the trials) 

treatment-related mortality with dexamethasone than with prednisone. Some patients with 

B-cell ALL, however, can benefit from dexamethasone treatment despite the associated 

toxicity. In the COG AALL0232 trial,77 comparing dexamethasone treatment for 14 days 

against prednisone treatment for 28 days during induction therapy for high-risk B-cell ALL, 

dexamethasone treatment improved outcome in children younger than 10 years of age but 

was associated with higher risk of osteonecrosis and no survival benefit in older patients. 

Because of the differential effects of the two drugs in terms of efficacy and toxicity for 

patients with B-cell ALL or T-cell ALL in different age groups, no consensus is available on 

how to use these two types of steroid treatment.

A number of cooperative groups have previously treated and continue to treat patients 

with lower risk ALL with less intensive therapy. The Children’s Oncology Group and 

Medical Research Council often treat patients with lower risk ALL with a three-drug 

induction therapy regimen followed by a 4-week oral mercaptopurine-based consolidation, 

and patients at higher risk with a four-drug induction and more intensive BFM-style 

consolidation.11 Although this approach has been successful for B-cell ALL, patients with 

lower risk T-cell ALL do not do as well with the less intensive approach. In the UKALL 

2003 trial,11 rapid responder patients with T-cell ALL with NCI high-risk features treated 

with a four-drug induction and BFM-style consolidation had superior outcomes than those 

with NCI standard-risk features who were treated with a three-drug induction and oral 

mercaptopurine-based consolidation.

Methotrexate and asparaginase are both effective drugs in ALL and are used in different 

schedules and intensities on different backbones. The Dana Faber Cancer Institute ALL 

Consortium has treated patients with asparaginase-intensive regimens for more than 20 

years, showing outcomes in T-cell ALL that are similar to, if not better than, B-cell ALL.8 
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Additional studies from the Medical Research Council, Pediatric Oncology Group, and 

St Jude Children’s Research have also shown that additional asparaginase might improve 

outcomes in T-cell ALL.78 The Children’s Oncology Group has completed two phase 3 

clinical trials (AALL0232 and AALL0434), which randomly assigned patients to receive 

high-dose methotrexate or Capizzi-style escalating methotrexate with pegaspargase.69,77 In 

AALL0232, high-dose methotrexate was found to have superior efficacy in patients with 

high-risk B-cell ALL.77 By contrast, in AALL0434, Capizzi-style treatment was found 

to have superior efficacy in patients with T-cell ALL.69 Reductions in CNS disease and 

haematological relapses were seen in both trials in the superior group. Arguably, the 

increased sensitivity to pegaspargase in T-cell ALL compared with B-cell ALL might 

explain the different results. Of note, in AALL0434, more than 90% of patients with 

T-cell ALL received prophylactic cranial irradiation. The Capizzi-style group received 

prophylactic cranial irradiation approximately 5 months earlier in the treatment regimen 

than did the high-dose methotrexate group, which could have contributed to the improved 

event-free survival in this group. Regardless, multiple studies, including a comprehensive 

meta-analysis of 16 623 patients from ten international cooperative groups, have suggested 

that prophylactic cranial irradiation does not improve survival in patients with T-cell ALL 

receiving intensified CNS-directed and systemic chemotherapy.79

Availability of novel drugs for relapsed and high-risk disease

Over the past 5 years, a shift has occurred in the treatment of patients with relapsed and 

refractory B-cell ALL, and a number of targeted therapies and immunotherapies have shown 

remarkable efficacy, and improved overall survival for this disease. Unfortunately, neither 

targeted therapies nor immunotherapies have been successful in the treatment of T-cell ALL.

The use of TKIs, including imatinib and dasatinib, has markedly improved survival 

for patients with Philadelphia chromosome-positive B-cell ALL.46,47 Children with 

Philadelphia chromosome-like B-cell ALL might also benefit from targeted therapy. 

Preclinical studies have shown promising results in treating Philadelphia chromosome-like 

ALL with targeted inhibitors, including TKIs and JAK–STAT inhibitors, leading a number 

of early-phase clinical trials to integrate targeted drugs into chemotherapy backbones.47,48 

Anecdotal case reports have shown impressive activity of targeted therapy in refractory 

patients, including in the use of imatinib or dasatinib for PDGFRB-rearranged Philadelphia 

chromosome-like ALL.47,48 For both Philadelphia chromosome-positive and Philadelphia 

chromosome-like ALL, clinical grade testing in the USA has made it easier to identify 

these patients and allocate them to precision medicine approaches. In the Children’s 

Oncology Group and St Jude Children’s Research Hospital trials, patients with B-cell 

ALL with Philadelphia chromosome-like ALL and lesions that are targetable (appendix 

p 2) are eligible to participate in trials integrating dasatinib for patients with ABL-class 

fusion (NCT02883049), or integrating ruxolitinib for those with JAK–STAT involvement 

(NCT02723994), or both (NCT03117751).

Defining subgroups of T-cell ALL that might benefit from a precision medicine approach 

has been difficult because it is more biologically heterogeneous than B-cell ALL. One 

subset of T-cell ALL that might benefit from targeted therapy is early T-cell precursor 
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ALL, which frequently has dysregulated JAK–STAT signalling, and has responded well to 

JAK–STAT inhibitors in preclinical studies.31 Based on these promising results, St Jude 

Children’s Research Hospital is integrating ruxolitinib into front-line therapy for patients 

with early T-cell precursor ALL (NCT03117751). Additionally, anecdotal reports have 

suggested efficacy of TKIs in T-cell ALL with ABL-class fusion in preclinical and clinical 

studies.80 Nelarabine is an antimetabolite that has shown particular activity in T-cell ALL 

in preclinical studies. The Children’s Oncology Group trial AALL0434 randomly assigned 

patients with intermediate and high-risk T-cell ALL to be treated with or without six 5-day 

courses of nelarabine. The 4-year disease-free survival was significantly improved for those 

randomly assigned to receive nelarabine.35 Follow-up of this study is needed to establish if 

nelarabine improves CNS disease control in T-cell ALL.

Certain types of immunotherapy or targeted therapy have shown efficacy in patients with 

B-cell ALL: inotuzumab ozogamicin, an anti-CD22 antibody conjugated to a calicheamicin-

class cytotoxic drug; blinatumomab, a bispecific T-cell engager that links CD3-positive T 

cells with CD19-positive B-lineage blast cells; and a number of treatments based around 

CD19-targeted chimeric antigen receptor (CAR)-modified T cells, including tisagenlecleucel 

and axicabtagene ciloleucel.81 These drugs have been quickly incorporated into the front-

line trials of B-cell ALL. Unfortunately, translating immunotherapies into a T-cell ALL 

setting has considerable problems, including the theoretical risk of so-called fratricide by 

T-cell-targeted clones and the risk of severe immunodeficiency from elimination of normal T 

lymphocytes. Despite these issues, preclinical studies of T-cell ALL have indicated efficacy 

with the anti-CD38 monoclonal antibody daratumumab and with CAR-T cells targeting a 

number of antigens, including CD2, CD5, and CD7.82,83 Early-phase trials are currently 

ongoing (NCT03081910 and NCT03384654). Table 4 summarises novel drugs and targets of 

interest for B-cell ALL and T-cell ALL.

Conclusions

Although patients with T-cell ALL have historically fared worse than those with B-cell ALL, 

the difference in outcome has narrowed with modern chemotherapy approaches. Improved 

understanding of ALL biology and the integration of novel therapies are continuing to 

influence the field and will hopefully continue to improve survival outcomes for both T-cell 

and B-cell ALL. For T-cell ALL in particular, better methods are needed to identify patients 

at diagnosis who are likely to relapse, and those who might benefit from individualised 

therapy.
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Search strategy and selection criteria

We searched MEDLINE and PubMed for articles published in English from Jan 1, 

2008, to Dec 1, 2018, using the search terms “pediatric T-cell acute lymphoblastic 

leukemia” and “pediatric B-cell acute lymphoblastic leukemia”. Because of the limitation 

of available references, we preferentially cite review articles.
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Figure: Estimated frequencies of specific genetic subtypes of childhood ALL
Pie charts represent patients with B-cell ALL treated in the St Jude Total Therapy study 

XV33 with modifications to account for discoveries of novel genetic abnormalities (A), 

and patients with T-cell ALL who were studied as part of the Therapeutically Applicable 

Research to Generate Effective Treatments initiative and treated in Children’s Oncology 

Group studies (B).34 T-cell ALL cases were divided according to dysregulation of targetable 

functional pathways (outer ring). Subtypes are grouped into low-risk, intermediate-risk, and 

high-risk categories on the basis of 5-year survival rates: over 90%, 70–90%, and less than 

70% in B-cell ALL (overall survival) and T-cell ALL (event-free survival). The outcome 

(event-free survival) for patients treated in the AALL0434 trial,35 used for the T-cell ALL 

risk grouping in this figure, is superior to that in most other published studies. ALL=acute 

lymphoblastic leukaemia.
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Table 2:

Comparative characteristics of patients with B-cell ALL and T-cell ALL treated in Total 11, 12, 13A, 13B, 14, 

15, and 16 Studies at St Jude Children’s Research Hospital, 1984–2017

Number of patients (%) p value

B-cell ALL (n=1302) T-cell ALL (n=257)

Age, years ·· ·· p<0·0001

 <1 27 (2%) 3 (1%) ··

 1–9 964 (74%) 142 (55%) ··

 10–15 235 (18%) 87 (34%) ··

 16–18 76 (6%) 25 (10%) ··

 Median 5·10 8·92 ··

Gender ·· ·· p<0·0001

 Male 703 (54%) 184 (72%) ··

 Female 599 (46%) 73 (28%) ··

Race ·· ·· p<0·0001

 White 1033 (79%) 181 (70%) ··

 Black 182 (14%) 65 (25%) ··

 Others* 87 (7%) 11 (4%) ··

Leucocyte count, ×109/L ·· ·· p<0·0001

 <10 641 (49%) 40 (16%) ··

 10–24 274 (21%) 38 (15%) ··

 25–49 144 (11%) 28 (11%) ··

 50–99 133 (10%) 43 (17%) ··

 ≥100 110 (8%) 108 (42%) ··

 Median 10·13 76·40 ··

Haemoglobin, g/dL ·· ·· p<0·0001

 ≤10 1028 (79%) 119 (46%) ··

 >10 274 (21%) 138 (54%) ··

 Median 7·7 10·5 ··

Platelet count, ×109/L p=0·0054

 ≤100 903 (69%) 155 (60%) ··

 >100 399 (31%) 102 (40%) ··

 Median 52 70 ··

Mediastinal mass ·· ·· p<0·0001

 Absent 1296 (100%)† 180 (70%) ··

 Present 6 (<1%) 77 (30%) ··

CNS status‡ ·· ·· p<0·0001

 CNS1 856 (66%) 127 (49%) ··

 CNS2 342 (26%) 90 (35%) ··

 CNS3 29 (2%) 17 (7%) ··

 Traumatic lumbar puncture with blasts 74 (6%) 23 (9%) ··

ALL=acute lymphoblastic leukaemia.
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*
Asian, Hispanic, and mixed race.

†
100% due to rounding.

‡
Information not available for one patient with B-cell ALL.
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Table 3:

Prognostic indicators for patients with B-cell ALL and T-cell ALL

Patients with B-cell ALL Patients with T-cell ALL

Clinical

Favourable Age 1–10 years and leucocyte count <50 × 109/L, Caucasian or Asian, 
CNS1 disease status

CNS1 disease status

Intermediate Age ≥10 years, leucocyte count 50–100 × 109/L, black race, CNS2 
disease status, testicular leukaemia

CNS2 or CNS3 disease status, testicular leukaemia

Unfavourable Age <1 year, leucocyte count >100 × 109/L, native American or 
Hispanic race, CNS3 disease status

Leucocyte count >200 × 109/L*

Biological

Favourable ETV6-RUNX1-type, hyperdiploidy (51–67 chromosomes; DNA index 
≥1·16)

NOTCH1 mutation, FBXW7 mutation

Intermediate ETV6-RUNX1-like, TCF3-PBX1, DUX4-ERG, PAX5, ZNF384-
rearranged, iAMP21

Early T-cell precursor ALL

Unfavourable BCR-ABL1-type, BCR-ABL1-like, KMT2A-rearranged, MEF2D-
rearranged, hypodiploid (<44 chromosomes)

RAS mutation, PTEN mutation, lack of biallelic 
TRG rearrangements

Response to chemotherapy (minimal residual disease)

Favourable Day 8 blood minimal residual disease <10−4, day 15 or day 19 bone 
marrow minimal residual disease <10−2, end of induction bone marrow 
minimal residual disease <10−4

End of induction bone marrow minimal residual 
disease <10−4

Intermediate End of induction bone marrow minimal residual disease from 10−4 to 
10−2

End of induction bone marrow minimal residual 
disease ≥10−4 and end of consolidation minimal 
residual disease ≥10−4 and <10−3

Unfavourable End of induction bone marrow >1% blasts End of consolidation bone marrow minimal 
residual disease ≥10−3

ALL=acute lymphoblastic leukaemia.

*
Not consistent.

Lancet Oncol. Author manuscript; available in PMC 2022 June 25.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Teachey and Pui Page 27

Table 4:

Novel therapeutic approaches for patients with B-cell ALL and T-cell ALL

Examples of available drugs Potential use

IL7-JAK-STAT-cytokine receptor-like factor 2

JAK inhibitors Ruxolitinib, tofacitinib, and peficitinib Early T-cell precursor and Ph-like

STAT inhibitors Pimozide Early T-cell precursor and Ph-like

PI3K/AKT/mTOR

PI3K inhibitors Idelalisib B-cell ALL and T-cell ALL

mTOR inhibitors Sirolimus, everolimus, and temsirolimus B-cell ALL and T-cell ALL

AKT inhibitors MK-2206, ipatasertib, and afuresertib B-cell ALL and T-cell ALL

mTOR complex 1 or 2 inhibitors Sapanisertib and vistusertib B-cell ALL and T-cell ALL

PI3K or mTOR dual inhibitors Dactolisib and gedatolisib B-cell ALL and T-cell ALL

Cell cycle regulation

CDK4 or CDK6 inhibitors Ribociclib and palbociclib B-cell ALL and T-cell ALL

Pan-CDK inhibitors Roniciclib B-cell ALL and T-cell ALL

Proteasome

Proteasome inhibitors Bortezomib, ixazomib, and carfilzomib B-cell ALL and T-cell ALL

Neddylation inhibitors Pevonedistat B-cell ALL and T-cell ALL

Deubiquitinating enzyme inhibitors In development, preclinical only B-cell ALL and T-cell ALL

E3 ubiquitin ligase inhibitors In development, preclinical only B-cell ALL and T-cell ALL

MAPK-RAS

MAPK kinase inhibitors Trametinib, selumetinib, and cobimetinib B-cell ALL and T-cell ALL

Farynesyltranferase inhibitors Tipifarnib B-cell ALL and T-cell ALL

Notch receptors

γ-secretase inhibitors Crenigacestat and BMS906024 T-cell ALL

Soluble notch proteins In development, preclinical only T-cell ALL

Mastermind inhibiting peptides In development, preclinical only T-cell ALL

Apoptotic machinery

BCL2 inhibitors Venetoclax B-cell ALL and T-cell ALL

BCL2-like 1 and BCL2 inhibitors Navitoclax B-cell ALL and T-cell ALL

Epigenetic

Demethylating agents Decitabine and 5-azacitidine B-cell ALL and T-cell ALL

Histone deacetylase inhibitors Romidepsin and vorinostat B-cell ALL and T-cell ALL

Bromodomain containing 4 inhibitors JQ1, birabresib, and CPI203 B-cell ALL and T-cell ALL

DOT1-like histone lysine methyltransferase inhibitors Pinometostat B-cell ALL and T-cell ALL

Isocitrate dehydrogenase 1 and 2 inhibitors AG-120 B-cell ALL and T-cell ALL

Tyrosine kinase inhibitors

ABL-class inhibitors Dasatinib, imatinib, and nilotinib ABL1-translocated B-cell ALL

Bruton tyrosine kinase inhibitors Ibrutinib ABL1-translocated B-cell ALL

Newer cytotoxics

Antimetabolites Nelarabine T-cell ALL

Alkylators Bendamustine B-cell ALL and T-cell ALL
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Examples of available drugs Potential use

Folate analogue Pralatrexate B-cell ALL and T-cell ALL

Vincas Liposomal vincristine B-cell ALL and T-cell ALL

Monoclonal antibodies

CD20 Rituximab B-cell ALL

CD22 Inotuzumab and epratuzumab B-cell ALL

CD25 Basiliximab T-cell ALL

CD38 Daratumumab and isatuximab B-cell ALL and T-cell ALL

CD52 Alemtuzumab B-cell ALL and T-cell ALL

Bispecific T-cell engagers

CD19 Blinatumomab B-cell ALL

Chimeric antigen receptors

CD2, CD5, and CD7 Preclinical and early-phase trials T-cell ALL

CD19 Tisagenlecleucel and axicabtagene B-cell ALL

CD22 Early-phase trials B-cell ALL

CD38 Early-phase trials T-cell ALL

Dual targeting or multiple antigens Early-phase trials B-cell ALL

ALL=acute lymphoblastic leukaemia. Ph=Philadelphia chromosome positive.
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