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Acute lymphocytic leukaemia
Hagop Kantarjian, Ching-Hon Pui, Elias Jabbour

Acute lymphocytic leukaemia (ALL) is a haematological malignancy of the lymphoid progenitor cells. Enhanced 
genetic analyses have led to the identification of over 23 subtypes of B-cell and 17 subtypes of T-cell ALL. In parallel, 
the development of highly sensitive measurable residual disease assays have refined disease monitoring and risk 
stratification. Breakthroughs in molecular therapeutics and immunotherapies have improved treatment efficacy 
while reducing toxicity, challenging the traditional notion of 2·5–3 years of intensive chemotherapy. Notable progress 
includes the use of more potent BCR::ABL1 tyrosine-kinase inhibitors, and antibodies targeting CD19 and CD22 
leukaemia surface antigens, which have delivered unprecedented outcomes in BCR::ABL1-positive ALL. Historically, 
adults have had poorer outcomes than paediatric cases, largely due to the higher prevalence of adverse genetic 
subtypes and less favourable genetic subtypes. However, development of new therapies has improved overall survival 
in B-cell ALL to approximately 80–90%, even in adult and infant populations. Chimeric antigen receptor T-cell 
therapies have also transformed outcomes for children with refractory or relapsed ALL and are now being incorporated 
into the front-line treatment of adult ALL. These innovations hold the promise of increasing the cure rates while 
reducing reliance on intensive chemotherapy and allogeneic stem-cell transplantation.

Introduction
Acute lymphocytic leukaemia (ALL) is a cancer caused by 
clonal proliferation of lymphoid progenitor cells in the 
bone marrow, often accompanied by extramedullary 
involvement.1,2 The worldwide estimated incidence of 
ALL was greater than 150 000 in 2019 and the age-
standardised incidence rate was estimated to have 
increased by 1·61 per year since 1990.3 Genetic studies 
have identified inherited variants linked to ALL 
susceptibility, with frequencies varying by ethnicity, 
reflecting differences in ALL incidence.4–6 ALL has a 
bimodal age distribution, peaking at around 5 and 
50 years, with a median age of 14 years; 60% of patients 
are younger than age 20 years, 25% are age 20–60 years, 
and 11% are older than age 60 years at diagnosis.1,7,8 
Managing ALL is complex, requiring 2·5–3 years of 
intensive chemotherapy under expert care.9

In six decades, improvements in chemotherapy 
regimens using 10–15 chemotherapy agents across 
induction, consolidation, intensification, and main
tenance phases, along with CNS prophylaxis have 
achieved cure rates of 80–90% in paediatric ALL at 
specialised centres. However, worldwide cure rates are 
closer to 60–70% due to the complexity of treatment, toxic 

effects, non-compliance, or abandonment of care. 
Outcomes often depend on financial resources and 
geography,10 with higher cure rates among children of 
affluent families and in high-income countries. In adult 
ALL, similar regimens result in 5-year overall survival (OS) 
rates of approximately 60% for adults aged 20–39 years, 
40% in patients aged 40–59 years, and less than 
20–30% for those older than 60 years.10,11 These disparities 
by age are partly due to the differences in the incidences 
of ALL subtypes with varied prognosis, and higher 
incidences of poor risk subtypes in adults compared with 
children. In addition, older patients (age ≥60 years) have 
lower tolerance to intensive chemotherapy, often 
necessitating dose reductions, omission of crucial drugs, 
or treatment discontinuations. Even within the same ALL 
subset (eg, Philadelphia chromosome [Ph]-positive ALL) 
or treatment strategies (eg, intensive chemotherapy, 
BCR::ABL1 tyrosine-kinase inhibitors [TKIs], immuno
therapy, and chimeric antigen receptor [CAR] T-cell 
therapy), paediatric outcomes consistently surpass adult 
outcomes.

Major advances within the last decade were propelled 
by a greater understanding of disease pathophysiology, 
the ability to closely monitor measurable residual 
disease (MRD), and the introduction of novel therapies 
that target specific subsets of ALL.9,12–14 Risk-adapted 
therapies are improving survival,15,16 particularly with 
therapies targeting selective transcripts (eg, BCR::ABL1 
TKIs)17–20 or surface antigens (eg, CD19- and CD22-
targeted antibodies), reducing the need for allogeneic 
haematopoietic stem-cell transplantation (HSCT), except 
for patients with high-risk disease.12,13,21,22

Clinical presentation
Signs and symptoms of ALL are non-specific and are 
related to bone marrow involvement, tumour burden, 
proliferation, and organ infiltration. Marrow can affect 
cytopenias leading to anaemia-related symptoms 
(eg, shortness of breath, fatigue, and oxygen insufficiency 

Search strategy and selection criteria

We searched MEDLINE (2010–24) and the American Society 
of Clinical Oncology and American Society of Haematology 
websites (2010–24). We used the search terms: “acute 
lymphoblastic or lymphocytic leukemia” or “ALL”. We largely 
selected publications from the past 5 years but did not 
exclude commonly referenced and highly regarded older 
publications. We also searched the reference lists of articles 
identified by this search strategy and selected those judged 
relevant. Review articles and book chapters are cited to 
provide readers with more details and more references than 
this Seminar has room for.
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affecting the heart, lungs, and brain), infections, and 
bleeding due to thrombocytopenia. The burden of 
leukaemia can cause constitutional symptoms, such as 
fever, weight loss, and night sweats, and spontaneous or 
treatment-associated tumour lysis, and chemical 
disseminated intravascular coagulopathy (occasionally 
clinical).23 The most common symptoms include fatigue, 
fever, and easy bruising and bleeding. Unlike acute 
myeloid leukaemia, severe leukostasis is rare in ALL due 
to the smaller size and lower viscosity of lymphoblasts. 
Children can present with extremity and joint pains from 
leukaemic infiltration of the synovium or synovial fluid.24

Hepatosplenomegaly from ALL infiltration is noted in 
20% of patients. Other extramedullary involvement 
includes the testes, skin, CNS, lungs, kidneys, or 
mediastinum (specifically in T-cell ALL).25 Initial CNS 
involvement occurs in 5–8% of patients, and presents as 
cranial neuropathies and meningeal infiltration.24,25 Chin 
numbness related to expansion of the marrow in the 
mandible, pressing on the inferior alveolar branch of the 
trigeminal nerve, is noted or elicited in 40–50% of 
patients with Burkitt-like ALL.26

Biology of ALL
Genomic analyses have identified over 23 subtypes of 
B-cell ALL and 17 subtypes of T-cell ALL.5,27 These studies 
revealed the drivers and cooperative genomic alterations 
underlying these subtypes and have shown that many 
patients with ALL have germline genomic variations that 
influence leukaemia susceptibility and treatment 
response.5,27,28 Genome-wide association studies of B-cell 
ALL have identified non-coding polymorphisms 
associated with ALL risk, often at loci encoding 
haematopoietic transcription factors and tumour 
suppressors.29 These polymorphisms confer subtle but 
cumulative risk, with some influencing somatic 
mutations, germline GATA3 alterations, and CRLF2 
rearrangements in BCR::ABL1-like ALL.30 Pathogenic 
germline coding variants in genes, including TP53, IKZF1, 
ETV6, and PAX5 are linked to rare familial cases and up to 
4% of sporadic ALL cases.28,29 Some variants are associated 
with specific subtypes, such as TP53 in low-hypodiploid, 
and ETV6 in high-hyperdiploid ALL.28 Germline IKZF1 
variants are also linked to drug resistance.5,29

The biological and clinical characteristics of T-cell ALL 
subtypes are less well defined due to overall fewer cases. 
Pharmacotyping studies have shown that T-cell ALL drug 
sensitivity correlates with T-cell differentiation.31 

Immature subtypes, such as early T-precursor (ETP)-ALL 
and near ETP-ALL, exhibit high BCL2 activity and 
venetoclax sensitivity, whereas mature subtypes have 
higher BCL-XL and LCK activation, lower BCL2 activity, 
and dasatinib sensitivity.31

Diagnostic evaluation and prognostication
ALL is diagnosed by bone marrow evaluation, including 
morphological, immunophenotyping, and cytogenetic 

and molecular studies. A morphological diagnosis is 
defined by having more than 20% of marrow 
lymphoblasts.32–34 Flow cytometric immunophenotyping 
is used to identify cell surface markers and consequently 
diagnose B-cell ALL, which makes up approximately 
80% of cases, or T-cell ALL, accounting for the 
remaining 20%.

Precursor B lymphoblasts express CD19, CD22, CD79a, 
or PAX5, along with immature markers, such as TdT and 
CD34, but lack surface immunoglobulin.33 Expression of 
cell surface markers, such as CD10 and CD20, varies 
depending on the maturity of the B lymphoblast. B-cell 
ALL can therefore be further categorised into precursor 
B-cell ALL or mature B-cell ALL. T lymphoblasts express 
CD3 (surface or cytoplasmic), CD5, CD7, and other 
T-lineage markers (eg, CD2, CD4, or CD8), and also TdT 
and CD34.33 WHO classification recognises T-cell ALL, 
not otherwise specified ALL, and ETP-ALL. T-cell ALL 
includes several subtypes: thymic (CD1a+), mature 
(surface CD3+), early (both CD1a and surface CD3 
negative), and the ETP-ALL subtype. ETP-ALL is 
characterised by absent or low CD5 expression, a lack of 
CD1a and CD8 expression, and positivity for myeloid 
(eg, CD11b, CD13, CD33, CD65, or CD117) or stem-cell 
markers. Recently identified novel ETP-like T-cell ALL 
cases account for 18% of T-cell ALL and are associated 
with worse outcomes.27 Rarely, patients can present with 
a blast population that lacks differentiation of a single 
lineage, termed mixed phenotypic acute leukaemia, or 
acute leukaemia of ambiguous lineage.

B-cell ALL and T-cell ALL cases are also classified into 
various subtypes based on cytogenetic and molecular 
alterations to guide risk-adapted therapy. Conventional 
cytogenetics and fluorescence in situ hybridisation for 
the detection of genetic abnormalities, such as 
BCR::ABL1, should be performed to help with appropriate 
treatment selection and prognosis. Rearrangement 
between chromosomes 9 and 22 [t(9;22)] result in the 
formation of the Ph and BCR::ABL1 oncogene. Most 
often, BCR::ABL1 translocation results in the formation 
of the p190 or p210 oncoprotein depending on the 
location of the breakpoint in the BCR gene on 
chromosome 22. Identification of the specific oncoprotein 
can identify whether a patient has de novo Ph-positive 
B-cell ALL or chronic myeloid leukaemia in lymphoid 
blast crisis. Additional subtypes of B-cell ALL include 
several favourable subtypes: high-hyperdiploid 
(characterised by gains of specific chromosomes, 
particularly 4, 10, and 17), ETV6::RUNX1 (commonly 
initiated in utero and rare in adults), DUX4-rearranged 
(despite poor initial response to remission induction 
with prednisone, vincristine, and asparaginase), and 
NUTM1-rearranged (notably in infants).35,36 Unfavourable 
subtypes include low-hypodiploid ALL (linked to TP53 
alterations, including germline variants in half of 
paediatric cases), near-haploid, PAX5, KMT2A-
rearranged (especially in infants younger than age 

Descargado para Anonymous User (n/a) en Andrés Bello University de ClinicalKey.es por Elsevier en septiembre 25, 2025. Para uso 
personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Seminar

www.thelancet.com   Vol 406   August 30, 2025952

12 months), and BCR::ABL1-like ALL (a genomically 
heterogeneous subtype) among others (panel).35,36 
BCR::ABL1-like ALL frequency increases with age, from 
10–15% in childhood (age <18 years) ALL, to 20% in 
adolescents (16–20 years), 25–30% in young adults 
(21–39 years), and decreases to 10% in older adults 
(>60 years).37,38 In the USA, BCR::ABL1-like ALL is more 
common in Hispanic patients and associated with 
GATA3 polymorphism and increased risk of relapse.38 
Burkitt leukaemia (t[8;14]) is a rare subtype of B-cell ALL, 
characterised by MYC rearrangement, leading to 
constitutive MYC expression.39

Treatment for paediatric ALL
ALL is the most common childhood cancer and is 
characterised by remarkable outcomes in the paediatric 
population. Although no specific cause is known, genetic 
predispositions, such as Down syndrome, Li-Fraumeni 
syndrome, and ataxia telangiectasia, and inherited cancer-
predisposing genes (eg, PAX5, IKZF1, or ETV6) are risk 
factors for developing ALL.28 Conventional treatment for 
childhood ALL typically includes remission induction, 
consolidation, delayed intensification, CNS prophylaxis, 
and continuation therapy, spanning a total duration of 
2·5–3 years.36 Patients at low risk (ie, those with B-cell 
ALL, aged 1–10 years, white blood cells <50 × 10⁹/L, 
ETV6::RUNX1 gene fusion, or high hyperdiploid with 
good MRD response during remission induction) are 
generally treated with a five-drug regimen, including a 
glucocorticoid, vincristine, asparaginase, mercaptopurine, 
and methotrexate. Patients at intermediate risk and high 
risk receive three additional drugs: an anthracycline, 
cyclophosphamide, and cytarabine.36 The introduction of 
MRD-directed therapy has considerably improved 
outcomes, with 5-year OS rates surpassing 90% more 
than a decade ago.40 However, the subsequent lack of new 
drug developments has led to intensified use of 
conventional treatments, which failed to yield further 
improvements, suggesting that the effectiveness of 

traditional approaches might have plateaued.41 Studies 
have shown that omitting prophylactic cranial irradiation 
for all patients was feasible.40 Using optimised intrathecal 
therapy during early remission induction and 
consolidation treatment successfully reduced the CNS 
relapse rate to less than 2%.41

Recently, new drugs have become available for 
paediatric ALL. BCR::ABL1-positive ALL was the first 
subtype to benefit from targeted treatment. Concordant 
with adult ALL, the addition of imatinib, a BCR::ABL1 
TKI, significantly improved outcomes in this subgroup 
compared with traditional chemotherapy alone.42 In 
a randomised trial, dasatinib showed superior CNS 
control and event-free survival (EFS) compared with 
imatinib.18 The use of dasatinib has also substantially 
reduced the need for allogeneic HSCT.18,43 Among the 
various subtypes of BCR::ABL1-like ALL, only those 
harbouring ABL-class fusions can be targeted with 
BCR::ABL1 TKIs.44 Although several molecular 
therapeutics have shown promising early results in other 
subtypes of B-cell ALL, they have yet to advance to 
phase 3 clinical trials.36

Blinatumomab, the bispecific T-cell engager (BiTE) 
targeting CD3 and CD19, has shown remarkable efficacy 
in randomised trials involving children with relapsed 
B-cell ALL and in newly diagnosed standard risk B-cell 
ALL.45–47 Two single-group trials reported promising 
results with the addition of one course of blinatumomab 
to standard or attenuated chemotherapy in infants with 
newly diagnosed KMT2A-rearranged ALL, achieving 
2-year disease-free survival rates of 78–82%.21,48 
Inotuzumab ozogamicin has also shown excellent 
outcomes, with remission rates exceeding 50% in 
patients with relapsed or refractory B-cell ALL.49,50 This 
response has enabled many patients to proceed to 
allogeneic HSCT. Ongoing studies aim to refine dosing 
regimens and schedules, in combination with ursodiol, 
to mitigate hepatotoxicity, particularly when administered 
close to transplantation.

CAR T-cell therapies targeting CD19 or dual CD19 and 
CD22 antigens have proven highly effective, even in 
patients who have been unresponsive to multiple 
previous treatments, including allogeneic HSCT.51–54 
These therapies achieve complete remission rates 
exceeding 90%, with most patients becoming MRD-
negative. The 12-month EFS rates range from 
50–70%. CAR T-cell therapy has shown effectiveness in 
treating extramedullary leukaemia, particularly testicular 
disease, sparing the need for local irradiation.51,53 Research 
is now focused on advancing CAR T-cell technology to 
establish it as a definitive treatment, and on refining 
criteria to identify patients who might benefit from 
consolidative HSCT. As such, detectable MRD (sensitivity 
from 10–⁵ to 10–⁶ cells) by PCR or next-generation 
sequencing (NGS), with or without B-cell aplasia, has 
been identified as a strong predictor of relapse following 
CD19 CAR T-cell therapy.55

Panel: High-risk cytogenetic and molecular aberrations in 
B-cell acute lymphocytic leukaemia

Genetic alterations
PAX5, IZKF1, KMT2A-rearranged, IgH-rearranged, HLF-
rearranged, ZNF384-rearranged, MEF2D-rearranged, and 
MYC-rearranged

Cytogenetic alterations
Hypodiploidy (<44 chromosomes); complex karyotype (five or 
more chromosomal abnormalities); t[v;11q23] (eg, t[4;11] and 
others), t[11;19]; iAMP21; and t[17;19][q22;p13]

BCR::ABL1-like genomic alterations
CRLF2; JAK1, JAK2, JAK3; IL7R; TYK2; EPOR; NTRK; FLT3; LYN; 
PTK2B; and PDGFRα, PDGFRβ, FGFR, ABL1, and ABL2 
rearrangements
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The development of precision treatments for T-cell ALL 
remains challenging. Dasatinib has shown efficacy in 
T-cell ALL with LCK involvement, as evidenced by findings 
from preclinical studies and case reports.56,57 These findings 
have led to ongoing investigations of dasatinib for treating 
T-cell ALL. A promising study involving children and 
adults with relapsed or refractory T-cell ALL treated with 
a combination of venetoclax and navitoclax spurred the 
launch of a paediatric clinical trial (NCT05192889).58 
Venetoclax is also under investigation for patients with 
ETP-ALL (NCT06390319). Nelarabine has been associated 
with improved CNS control in T-cell ALL (Children’s 
Oncology Group AALL0434 trial).59 Daratumumab, 
a human immunoglobulin G kappa monoclonal antibody 
targeting CD38 with direct on-tumour and 
immunomodulatory mechanisms of action, was safely 
combined with chemotherapy and induced an overall 
response rate (at any timepoint) of 83·3% in children with 
relapsed or refractory T-cell ALL.60 These findings show 
daratumumab’s potential as an effective treatment option. 
Recently, fratricide-resistant CD7 CAR T cells have been 
developed and were successfully used to treat patients with 
relapsed or refractory T-cell ALL.61,62

Treatment of adult ALL
Treatment of adults with ALL has been revolutionised by 
the incorporation of targeted therapies, resulting in 
long-term OS rates of 80% in precursor B-cell ALL,9,22 
80–90% in Ph-positive ALL,14,20,63,64 and 60–70% in T-cell 
ALL (table 1).59,78 Successful delivery of ALL treatment not 
only requires knowledge of the therapeutic regimens, 
but also proper management of anticipated toxic effects 
(table 2). Continuous treatment with BCR::ABL TKIs 
also requires toxicity management by both the 
haematologist and general provider.

Ph-positive ALL
Ph-positive ALL accounts for approximately 20–25% of 
ALL cases in adults and less than 5% of paediatric cases. 
The Ph-positive ALL incidence increases with age, 
comprising more than 50% of cases in patients aged 
60 years and older.14 Historically, Ph-positive ALL was 
considered a high-risk subtype until the introduction of 
the BCR::ABL1 TKIs in 2000. Combined with cytotoxic 
chemotherapy, Ph-positive ALL has become a highly 
curable disease from previously being highly fatal. 
Disease monitoring of BCR::ABL1 transcripts with PCR 
testing and newer techniques including NGS is crucial 
for early identification of molecular relapse and 
identification of patients who could benefit from 
allogeneic HSCT.

Within the past two decades, various treatment 
strategies have been explored, including single-agent 
TKIs alone or with minimal chemotherapy (primarily in 
older patients), and TKI combinations with intensive 
chemotherapy and allogeneic HSCT in first complete 
remission. Among the six commercially available 

BCR::ABL1 TKIs, imatinib, dasatinib, and ponatinib 
were approved by the US Food and Drug Administration 
for the treatment of Ph-positive ALL and were also 
approved by the European Medicines Agency. All 
three TKIs exert their activity by binding to the ABL1 
tyrosine kinase binding pocket of the BCR::ABL1 
oncoprotein. Mutations in the ABL1 binding pocket can 
lead to resistance and consequent inactivity of the various 
BCR::ABL1 TKIs. The Thr315Ile mutation confers 
resistance to all BCR::ABL1 TKIs other than the more 
potent, third-generation TKIs ponatinib and asciminib. 
Patients with the Thr315Ile mutation have poor outcomes 
and can be considered for allogeneic HSCT. The best 
outcomes have been observed with early, daily, and 
continuous administration of more potent TKIs 
(eg, dasatinib, nilotinib, and ponatinib), in combination 
with intensive chemotherapy, and initially, with 
allogeneic HSCT in first complete remission.79,80 
However, excellent outcomes and improved toxicity were 
recently demonstrated with the combination of 
blinatumomab and dasatinib or ponatinib, shifting the 
framework for the treatment of Ph-positive ALL.14,19

Intensive chemotherapy, most often the hyper-CVAD 
regimen (hyper-fractionated cyclophosphamide, 
vincristine, doxorubicin, and dexamethasone alternating 
with high-dose cytarabine and methotrexate), combined 
with imatinib or second-generation TKIs (ie, dasatinib 
and nilotinib) elicited modest 5-year OS rates 
of 40–65%.81,82 In this setting, relapse is often driven by 

Management 4-year to 5-year 
survival (%)

Ph-positive ALL17,64,65 Hyper-CVAD with TKI; TKI maintenance; 
allogenic HSCT in complete remission 1; 
non-chemotherapy regimens with TKIs and 
blinatumomab

>75%

Adolescents and young adult ALL8,9,66 Augmented BFM; hyper-CVAD with CD19, 
CD20, or CD22 antibodies

60–<70%

CD20-positive ALL67,66,68 ALL chemotherapy with CD19, CD20, or 
CD22 antibodies

60–<70%

Ph-like ALL69,70 Hyper-CVAD with TKI or antibody 60–70%

T-cell ALL (except ETP-ALL)59,71,72 High doses cyclophosphamide; high doses 
cytarabine; asparaginase; nelarabine; 
venetoclax

>60%

Older ALL (age 60 years and older)73 Mini-hyper-CVD plus inotuzumab 
ozogamicin and blinatumomab

50%

MRD-positive ALL by MFC or NGS74,75 Prognosis is worse; blinatumomab with or 
without allogeneic HSCT in complete 
remission 1 (might not be the case if MRD-
negativity by NGS)

Improved from less 
than 20% to 40–50% 
with the addition of 
blinatumomab

Allogeneic HSCT in complete 
remission 170,76,77

ETP-ALL; KMT2A-rearranged ALL; complex 
cytogenetics (≥5 abnormalities); low 
hypodiploidy or near triploidy; Ph-like ALL 
with CRLF2 or JAK mutations

50–60%

ALL=acute lymphocytic leukaemia. BFM=Berlin–Frankfurt–Munster. ETP=early T-cell precursor. HSCT=haematopoietic 
stem cell transplantation. Hyper-CVAD=hyper-fractionated cyclophosphamide, vincristine, doxorubicin, and 
dexamethasone alternating with high-dose cytarabine and methotrexate. MRD=measurable residual disease. 
NGS=next-generation sequencing. Ph=Philadelphia chromosome. TKI=tyrosine-kinase inhibitor.

Table 1: Summary of therapies for acute lymphocytic leukaemia by subtype
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the emergence of Thr315Ile ABL1 kinase domain 
mutations, responsible for 75% of relapses. Use of the 
third-generation TKI ponatinib in combination with 
hyper-CVAD has led to superior outcomes, including a 
6-year OS rate of 70%.63,80,83 The PONALFIL trial 
(NCT02776605) also showed superior outcomes with the 
use of ponatinib (4-year OS rate 92%)84 compared with 
historical results for imatinib (3-year OS rate 53%).

The multicentre phase 3 PhALLCON trial 
(NCT03589326) randomised newly diagnosed patients 
with Ph-positive ALL to receive low-intensity 
chemotherapy plus either ponatinib 30 mg daily or 
imatinib 600 mg daily.20 Ponatinib was associated with 
higher rates of MRD-negative complete remission at the 
end of induction (34% vs 17%, p=0·002), and deep 
molecular responses (42% vs 21%).20 These findings led 
to the regulatory approval of ponatinib as front-line 
therapy for Ph-positive ALL in March, 2024.

The activity of blinatumomab as a single agent in 
patients with relapsed or refractory Ph-positive ALL85 

prompted the evaluation of this combination in the front-
line setting (appendix p 1). In the D-ALBA trial 
(NCT02744768), dasatinib and steroids were given for 
85 days, followed by the addition of blinatumomab to 
continuous dasatinib along with 12 doses of intrathecal 
chemotherapy prophylaxis.17 Long-term follow-up showed 
an OS rate of 81%.17 A single-group trial evaluated the 
simultaneous combination of ponatinib and 
blinatumomab in the front-line setting.19 Unlike the 
D-ALBA trial, ponatinib and blinatumomab were started 
together at induction, with blinatumomab given in 
five courses. Among 60 patients treated (median age 
60 years; range 20–83 years), the complete molecular 
response rate was 83%, and the MRD-negativity rate 
was 98% by NGS (sensitivity 1 × 10–⁶).64 Only two patients 
underwent allogeneic HSCT in first complete remission 
(detectable BCR::ABL1 transcripts 0·01–0·05%). The 
3-year EFS rate was 77%, and the 3-year OS rate was 91%.64 
The concomitant combination of blinatumomab and 
ponatinib appears to improve outcomes and reduce the 

Notable toxic effects Management strategies

Cytotoxic chemotherapy regimen or agent

Hyper-CVAD Myelosuppression; peripheral neuropathy, constipation 
(vincristine); hypertension, hyperglycaemia, steroid-
psychosis (glucocorticoids); avascular necrosis 
(glucocorticoids, mainly in paediatrics); renal impairment 
(high-dose methotrexate); cerebellar toxic effects (high-dose 
cytarabine); fever, rash, ocular toxic effects (high-dose 
cytarabine)

Antimicrobial prophylaxis during times of neutropenia; growth 
factor support; neuropathy assessment before each course; bowel 
regimen during vincristine courses; enhance blood pressure 
monitoring and antihypertensive regimen, if indicated, during 
steroid courses; enhanced blood glucose monitoring and insulin 
support, if indicated, during steroid courses; systemic steroid 
pre-medication before cytarabine administration and eye drops for 
the following 2 days; urine alkalinisation, methotrexate level 
monitoring, and leucovorin rescue during and after high-dose 
methotrexate administration

Asparaginase Hyperglycaemia; hepatotoxicity (increased AST, ALT, or 
bilirubin); hypersensitivity reaction; pancreatitis; thrombosis

Enhanced blood glucose monitoring and insulin support, if 
indicated, during asparaginase-containing courses; regular liver 
function test and coagulation monitoring

Nelarabine Peripheral neuropathy; central neurotoxicity (somnolence); 
rhabdomyolysis (rare)

Neuropathy assessment before each course; avoid intrathecal 
therapy during nelarabine courses; avoid excessive exercise during 
nelarabine courses

Monoclonal antibodies

Blinatumomab Cytokine release syndrome; neurotoxicity (eg, tremor, 
difficulty writing, or aphasia); elevated AST or ALT

Steroid pre-medication before initiation and dose escalation; 
neurological assessment at initiation, escalation, and throughout 
treatment

Inotuzumab ozogamicin Thrombocytopenia; sinusoidal obstructive syndrome Regular complete blood count and CMP monitoring; ursodiol 
prophylaxis throughout treatment

BCR::ABL1 tyrosine-kinase inhibitors

Imatinib Oedema; myalgias ··

Dasatinib Pleural and pericardial effusion; pulmonary hypertension; 
oedema

Diuresis; prednisone if there is considerable effusion; dose 
reduction

Nilotinib QTc prolongation; pancreatitis; hyperglycaemia; vaso-
occlusive events

Avoid concomitant QTc-prolonging medications; increase blood 
glucose monitoring upon initiation and maintain regular 
monitoring with continued use; avoid in patients with considerable 
cardiac history

Ponatinib Hypertension; hepatotoxicity; pancreatitis; arterial and 
venous occlusive events

Optimise hypertension management before initiation; regular CMP 
monitoring; consider low-dose statin and aspirin 81 mg if tolerable

Most toxic effects specific to each BCR::ABL1 tyrosine kinase inhibitor can be managed with supportive care and with dose reduction under close monitoring of the treating 
leukaemia physician. ALT=alanine aminotransferase. AST=aspartate aminotransferase. CMP=comprehensive metabolic panel. Hyper-CVAD=hyper-fractionated 
cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with high-dose cytarabine and methotrexate. QTc=corrected QT interval.

Table 2: Common toxic effects and management strategies for acute lymphocytic leukaemia therapies

See Online for appendix
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need for allogeneic HSCT in the front-line setting 
(appendix p 1).

Several studies have suggested that allogeneic HSCT 
might offer limited benefit to patients who have a major 
molecular response by 3 months or later, that having a 
3-month complete molecular response in patients not 
undergoing allogenic HSCT is associated with better OS, 
and that ponatinib might be more effective than other 
TKIs.86–90 Using NGS could further define patients who 
should be considered for allogeneic HSCT given the 
discordance observed between NGS and PCR testing. 
NGS might detect MRD positivity in approximately 
10% of patients who are MRD-negative by PCR, while up 
to 30% of patients who are MRD-positive by PCR could 
be MRD-negative by NGS.74 In the future, NGS might 
serve as the primary tool for assessing MRD in 
Ph-positive disease; however, more robust data on the 
prognostic effect of NGS versus PCR testing are needed.

Ph-negative pre-B-cell ALL
Adult regimens for Ph-negative pre-B-cell ALL have 
historically differed from paediatric approaches, which 
emphasise prolonged corticosteroid use and the 
incorporation of asparaginase. In contrast, adult 
protocols often feature reduced treatment intensity, 
shorter maintenance durations, and a greater reliance on 
myelosuppressive agents and allogeneic and autologous 
HSCT. However, studies comparing paediatric and adult 
regimens have shown the superior efficacy of paediatric-
inspired approaches, particularly in adolescents and 
young adults (age 15–39 years),91–94 giving a 5-year OS 
of 65%.94 The hyper-CVAD regimen, developed in 1992, 
was as active as paediatric-inspired regimens, but differs 
in that it de-emphasises the use of asparaginase and 
relies on cytotoxic agents associated with more 
myelosuppression-related complications. In contrast, 
paediatric-inspired regimens are associated with more 
asparaginase-related complications (eg, thrombosis, 
pancreatitis, and liver dysfunction).8,9,95 The adult 
regimens, particularly hyper-CVAD, have evolved during 
more than two decades by incorporating novel 
monoclonal antibodies into the cytotoxic chemotherapy 
backbone in an effort to continue to improve outcomes 
while maintaining safety in adult patients with B-cell 
ALL. This progression in treatment began with the 
addition of the CD20 monoclonal antibody rituximab 
and most recently included the CD22 antibody drug 
conjugate inotuzumab ozogamicin and the CD19 BiTE 
blinatumomab. Adding rituximab to the hyper-CVAD 
regimen improved OS39 and led to a significant 
improvement in EFS in the phase 3 GRAALL-R 2005 trial 
(2-year EFS rate 65% vs 52%, p=0·038) when compared 
with standard chemotherapy alone.96

Blinatumomab has revolutionised the treatment of B-cell 
ALL since a significant improvement in OS was shown in 
the phase 3 TOWER study (NCT02013167) compared with 
conventional chemotherapy in patients with relapsed 

B-cell ALL (median OS 7·7 months vs 4·0 months, 
p=0·01).12 Blinatumomab has since improved outcomes in 
patients with both MRD-positive and MRD-negative B-cell 
ALL, and is therefore being incorporated into both 
paediatric-inspired and adult front-line regimens 
(appendix p 2).22,97 A single-group trial investigated the 
sequential use of hyper-CVAD plus blinatumomab, and 
the later addition of inotuzumab.98 In a cohort of 
75 patients, the complete remission rate was 100% with an 
NGS–MRD-negative rate of 73% and a 4-year OS rate 
of 89%.67,98 The benefit of blinatumomab in newly 
diagnosed Ph-negative B-cell ALL was shown in the E1910 
study, which randomly assigned 224 patients who had 
MRD negativity after front-line paediatric-inspired 
chemotherapy to receive consolidation with either 
chemotherapy plus blinatumomab (four cycles) or 
standard chemotherapy. Blinatumomab consolidation 
significantly improved OS: median OS not reached 
versus 71·4 months (p=0·0003), and the 3-year OS 
was 85% versus 68%.22

Treating older adults (age ≥60 years) with Ph-negative 
ALL is also difficult.76,99 Historically, long-term OS was 
20% or less with intensive chemotherapy due to adverse 
cytogenetic and molecular features, leading to high rates 
of induction mortality and death in remission.8,9,99–101 As 
a result, low-intensity regimens omitting or considerably 
reducing the doses of traditional chemotherapy agents 
have been explored with limited success. Similar to 
blinatumomab, single-agent inotuzumab also improved 
OS compared with conventional chemotherapy in the 
phase 3 INO-VATE trial (median OS 7·7 months 
vs 6·2 months, p=0·04).13 Consequently, inotuzumab has 
been integrated into numerous lower-intensity regimens 
studied in older patients to replace more toxic traditional 
chemotherapy agents. One such regimen includes the 
mini-hyper-CVD regimen (low-dose hyper-fractionated 
cyclophosphamide, vincristine, and dexamethasone), 
which significantly reduces the doses of the chemotherapy 
agents found in the traditional hyper-CVAD regimen and 
also omits doxorubicin, while adding inotuzumab and 
subsequently blinatumomab in a sequential manner.102 
This regimen showed an overall response 
rate (ORR) of 99% and a 5-year OS of 46% among 80 older 
patients (median age 68 years, range 60–87 years) with 
B-cell ALL.73,94 The Alliance A041703 study also resulted in 
an ORR of 97% and 1-year EFS and OS of 75% and 74%, 
respectively, using inotuzumab plus blinatumomab (with 
minimal chemotherapy) in older (age ≥60 years) patients 
with B-cell ALL.103 Other studies combining low-dose 
chemotherapy with inotuzumab or blinatumomab in 
older patients with newly diagnosed ALL showed superior 
outcomes compared with historical data (appendix p 3).

T-cell ALL
Among the T-cell ALL subtypes, ETP-ALL is considered 
high risk, characterised by high rates of relapse and thus 
benefits from allogeneic HSCT in first complete 
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remission.104–107 Improving outcomes in T-cell ALL has 
been particularly challenging due to the limited 
availability of targeted therapies, relying instead on 
modified chemotherapies (eg, high-dose cytarabine, 
methotrexate, asparaginase, and nelarabine). Inspired by 
preclinical studies showing the activity of the BH3-
mimetics (eg, venetoclax and navitoclax) in T-cell ALL, 
these agents are now being developed in adult T-cell 
ALL.58,108 The hyper-CVAD regimen combined with 
nelarabine, asparaginase, and venetoclax showed a 5-year 
OS of 64%.78 In older patients, the combination of 
venetoclax and low-intensity chemotherapy yielded 
MRD-negative complete remission rates of 83%.108,109 
CAR T cells targeting T-cell ALL are also being 
investigated.110 Harnessing and redirecting normal T cells 
to recognise and eliminate malignant T lymphoblasts 
was initially challenging, but several innovative strategies 
have addressed these obstacles.111,112 CD7 CAR T cells have 
shown promising results, including an MRD-negative 
complete remission rate of 96% and a 2-year OS of 63%.110 
Ongoing clinical trials evaluating CAR T-cell therapy in 
T-cell ALL are summarised in the appendix (p 4).

Special considerations
BCR::ABL1-like ALL
BCR::ABL1-like ALL accounts for 25% of B-cell ALL in 
young adults (age 21–39 years).37,113 About 70–80% of 
BCR::ABL1-like ALL cases have CRLF2 overexpression; 
50% also harbour JAK mutations and have a worse 
prognosis even with novel regimens. Around 20–30% 
have ABL-class fusions, including ABL1 or PDGFR 
translocations, and might benefit from the incorporation 
of a BCR::ABL1 TKI into their treatment regimen.69,114 
CRLF2 or JAK alterations in BCR::ABL1-like ALL define a 
high-risk ALL that might necessitate allogeneic HSCT in 
first complete remission69,70,113 as these mutations are 
more resistant to standard chemotherapy and are 
associated with poor OS of 20–30%.70 In the phase 3 
TOWER study, blinatumomab was shown to be highly 
active in BCR::ABL1-like ALL.115 Targeted therapies, such 
as dasatinib for ABL1 gene alterations116,117 and front-line 
immunotherapy, could improve outcomes in these 
patients.67,70,98

CNS prophylaxis and management of CNS relapses
The CNS is a sanctuary site for ALL cells, making CNS 
monitoring and disease prevention a major component 
of ALL therapy. Although primary CNS involvement at 
diagnosis is relatively uncommon (<5–10%), relapse 
rates can reach up to 75% without prophylactic 
treatment.25,118 However, with effective CNS prophylaxis, 
this risk drops to lower than 10%.119 An increased risk of 
CNS disease has been observed in Ph-positive ALL, 
particularly following the substantial improvement in OS 
achieved with the addition of TKIs to chemotherapy, 
resulting in late and isolated CNS relapses in 10–15% of 
patients.80,81,120

High-dose intravenous methotrexate and cytarabine 
can penetrate the CNS but are insufficient to fully 
eradicate leukaemia cells within the CNS. Therefore, 
intrathecal chemotherapy using methotrexate, cytarabine, 
or triple intrathecal therapy (ie, methotrexate, 
hydrocortisone, and cytarabine) is an essential component 
of CNS prophylaxis. Depending on the treatment 
protocol, patients typically receive between eight and 
17 doses of prophylactic intrathecal chemotherapy.43,64,94,121,122 
The effectiveness of intrathecal and systemic therapy 
have made prophylactic cranial irradiation unnecessary 
in both adult and paediatric ALL, thereby avoiding 
radiation-associated complications.25,118,120,122

Newly diagnosed patients with CNS leukaemia are 
treated with standard systemic chemotherapy along with 
intensified triple intrathecal therapies until cerebrospinal 
fluid blasts are cleared, followed by at least 8–12 more 
intrathecal treatments after clearance. In this setting, 
survival outcomes are comparable to CNS-negative 
patients.25,40,123,124

As lower-intensity regimens and chemotherapy-free 
approaches (eg, blinatumomab and inotuzumab) become 
more common, the risk of CNS relapses can increase, 
necessitating more frequent intrathecal chemotherapies. 
Salvage regimens should include systemic chemotherapy 
and CNS-penetrating agents, such as high-dose 
methotrexate and cytarabine,100 in addition to triple 
intrathecal therapies. For patients with CNS disease, 
a common practice is to administer triple intrathecal 
therapies twice per week until CNS clearance, followed 
by weekly doses for 4–8 weeks, and then every other week 
for an additional 4–8 doses. Radiation therapy is typically 
reserved for patients who are unresponsive to triple 
intrathecal therapy.40

CAR T-cell therapy has shown efficacy for CNS relapse, 
with a CNS remission rate of 85% in relapsed or refractory 
B-cell ALL. The 12-month CNS relapse rate was 11%.125 An 
analysis of the combined data from five studies also 
supports the benefit of CAR T cells for treating CNS 
relapse.51 Future trials will explore CAR T-cell 
consolidation for patients at high risk of CNS relapse.

Monitoring MRD and its management
Persistent MRD in complete remission is a considerable 
adverse prognostic factor in adult and paediatric ALL, in 
both Ph-positive and Ph-negative disease. A meta-
analysis showed that undetectable MRD in complete 
remission was associated with favourable outcomes: 
hazard ratio 0·28 for EFS and OS with a 10-year OS of 
60% for undetectable MRD compared with 15% for 
persistent MRD.126 MRD should be measured at crucial 
milestones—ie, post-induction complete remission, 
3–4 months into therapy, then every 3–6 months.

Current MRD detection methods include multi
parameter flow cytometry (MFC), RT-PCR, and NGS.127 
MFC, although widely available, has lower sensitivity (10–⁴ 
cells) compared with molecular methods. Highly 
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sensitive (10–⁴ to 10–⁵ cells) RT-PCR is used to quantify 
BCR::ABL1 transcripts in Ph-positive ALL128 and MRD in 
Ph-negative and T-cell ALL.34,75 NGS assays are used to 
track the leukaemia-specific immunoglobin heavy chain 
variable region or T-cell receptor gene rearrangements at 
a sensitivity of 1 × 10–⁶ cells, 1–2 log greater than standard 
MFC or PCR assays.34,75

Discordance between assays due to different methods 
of testing and sensitivity has been shown in both 
Ph-positive and Ph-negative disease. A recent analysis in 
Ph-positive ALL showed that 11% of patients who had 
NGS–MRD negativity still had detectable BCR::ABL1 
transcripts by RT-PCR.74 However, among patients who 
had NGS–MRD negativity, the presence or absence of 
BCR::ABL1 transcripts by RT-PCR did not affect 
prognosis, suggesting that the persistent BCR::ABL1 
transcripts did not represent true lymphocytic MRD. 
Having NGS–MRD negativity was associated with a very 
low risk of relapse, despite persistently detectable 
BCR::ABL1 transcripts by RT-PCR.74 Therefore, persistent 
low-level BCR::ABL1 transcripts by RT-PCR should not 
be used to decide treatment escalation, in particular, 
allogeneic HSCT. Such decisions should be based on the 
NGS–MRD results if available.

Comparing NGS–MRD (sensitivity 1 × 10–⁶ cells) with 
MFC (sensitivity 10–⁴ cells) showed that among patients 
with Ph-negative B-cell ALL or T-cell ALL who were 
MFC–MRD negative, 46% were NGS–MRD positive.129 In 
patients who were NGS–MRD negative at complete 
remission, the 5-year relapse rate was 0% and the 
5-year OS was 90%. Thus, MRD monitoring with a highly 
sensitive assay is useful in identifying patients at low risk 
to receive low-intensity treatment or for patients at high 
risk who might need intensification of therapy, such as 
CAR T cells or allogeneic HSCT. Modern MFC assays 
have an increased sensitivity beyond 10–⁴ cells, reaching 
up to 2 × 10–⁶ cells, consequently comparative studies of 
NGS with highly sensitive MFC are needed to understand 
the optimal technique for MRD monitoring in the future.

In patients with MRD-positive B-cell ALL, 
blinatumomab leads to MRD negativity in 78% of 
patients after one cycle of treatment, resulting in superior 
relapse-free survival and OS compared with those with 
persistent MRD.86 Blinatumomab is approved for patients 
with MRD 0·1% or higher, and is effective in lower-
burden disease.129 Whether patients with MRD response 
after blinatumomab require a consolidative allogeneic 
HSCT (vs CAR T cells) is under investigation.129

After completion of all therapies, patients should be 
followed regularly by their general provider, annually or 
more frequently if indicated, for management of any 
comorbid conditions. Annual complete blood count, 
physical exam, and follow-ups are recommended to help 
detect any clinical relapse. Upon relapse, patients can 
have similar symptoms as at the time of diagnosis 
(ie, fever, fatigue, easy bruising, and frequent infections). 
Monitoring MRD allows for early detection of molecular 

relapse before the development of any overt signs or 
symptoms of relapse.

Salvage therapy
Traditional salvage chemotherapy, with or without 
allogeneic HSCT in second complete remission, has 
historically led to poor outcomes in adult ALL, with 
complete remission rates of 30–50% and 5-year OS less 
than 10%. The complete remission rates for later salvage 
therapies drop to less than 20%. Consequently, enrolment 
on a clinical trial is recommended for patients with 
relapsed ALL to improve outcomes with novel therapies 
only available on clinical trial. Similarly, whether children 
with relapsed ALL should also be enrolled on a clinical 
trial with treatment depends on the site of relapse, time 
of relapse, immunophenotype, genotype, and previous 
treatments.

Chemotherapy salvage combinations in adults depend 
on the front-line therapy exposures and duration of first 
complete remission. In general, hyper-CVAD, 
fludarabine, high-dose cytarabine–idarubicin, and 
methotrexate–asparaginase regimens could serve as the 
chemotherapy backbones to which additional agents 
could be added. Immunotherapies, including antibodies 
targeting CD19 and CD22 and CAR T cells have 
considerably improved outcomes in relapsed-refractory 
B-cell ALL.12,13,130 In Ph-positive ALL, combinations of 
ponatinib, blinatumomab, and intensive chemotherapy, 
followed by CAR T cells or allogeneic HSCT, and 
post-HSCT TKI maintenance, might result in high 
complete remission and survival rates. In a report of 
22 patients who relapsed after receiving ponatinib in the 
front-line setting, 90% of patients had a second complete 
remission and 28% proceeded to allogeneic HSCT. The 
median relapse-free survival was 14·7 months and 
the median survival 22·6 months.11

For patients with relapsed or refractory T-cell ALL who 
are nelarabine-naive, nelarabine-based regimens could 
be effective, and BCR::ABL1 TKIs can be used if 
ABL-class fusions, mostly NUP214::ABL1, EML1::ABL1, 
and ETV6::ABL1 are identified.8,9

Combination therapies with blinatumomab and 
inotuzumab ozogamicin
Blinatumomab and inotuzumab ozogamicin are each 
approved for the treatment of relapsed B-cell ALL as 
single agents. However, the OS benefit was modest in the 
randomised trials compared with intensive chemotherapy 
combinations (median OS 7·7 months with either 
modality, OS 25% or less at 2–3 years).12,13 Optimal 
outcomes with these agents in the relapsed setting can 
be achieved with combination therapy rather than using 
either of these agents alone.131

The mini-hyper-CVD regimen incorporating both 
blinatumomab and inotuzumab showed an ORR of 83% 
and a 3-year OS of 52% among 110 patients with relapsed 
B-cell ALL.131,132 A notable but rare adverse effect associated 
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with inotuzumab is sinusoidal obstructive syndrome 
(SOS). Pharmacokinetic and pharmacodynamic studies 
have shown that fractionated lower-dose administration of 
inotuzumab provides similar efficacy while significantly 
reducing the risk of SOS.133,134 Consequently, the mini-
hyper-CVD regimen was modified to incorporate this 
fractionated dosing strategy. Among patients treated with 
the original dosing schedule, nine (13%) of 67 developed 
SOS, compared with only one (2%) in 43 among those 
who received the fractionated lower-dose 
schedule (p=0·02). Using a dose-dense regimen 
incorporating inotuzumab and blinatumomab into the 
chemotherapy courses could further improve outcomes.135

A new subcutaneous blinatumomab formulation is 
under investigation and could provide convenience and 
improve efficacy by delivering higher drug doses 
compared with intravenous blinatumomab. In a phase 1b 
expansion trial in heavily pretreated relapsed or refractory 
B-cell ALL, subcutaneous blinatumomab resulted in 
a complete remission rate of 89%, and MRD-negative 
rate of 91% among the responders.136 If the efficacy and 
safety of subcutaneous blinatumomab are confirmed, the 
combination of convenience and high efficacy could have 
a global impact on ALL therapy, possibly replacing 
intravenous blinatumomab.

CAR T-cell therapies
CAR T cells are genetically modified autologous 
T lymphocytes engineered to express binding sites of 
specific antibodies, such as a receptor against CD19.137 
Overall, CAR T-cell therapy appears to be most efficacious 
in patients with minimal disease at the time of cell 
infusion.138 However, the manufacturing process (from 
pheresis to infusion) takes several weeks to months and 
many patients require additional salvage therapy to 
maintain disease control during this interval. 
Considerable toxic effects associated with CAR T-cell 
therapy include cytokine release syndrome, which 
correlates with disease burden and neurotoxicity. Due to 
the severity and complexity of these adverse effects, 
treatment should be administered and monitored by 
multidisciplinary teams who have experience with 
CAR T-cell products. The results of the key CAR T-cell 
trials in B-cell ALL are summarised in the appendix 
(p 5).130,139,140

Although high remission rates have been obtained 
with CD19 CAR T cells, relapses occurred in more than 
50% of cases, often due to downregulation or loss of 
CD19 surface antigen expression on leukaemia cells and 
because of limited CAR T-cell persistence.141 Clinical 
trials evaluating CAR T cells targeting other or dual 
epitopes (eg, CD19 and CD22) are ongoing.142 The real-
world CAR T-cells consortium data showed better 
outcomes with CAR T-cell therapy for low disease burden 
or no detectable disease at the time of treatment.143,144 
Consolidation with CAR T cells after remission induction 

with chemoimmunotherapy salvage regimens is under 
evaluation.

Conclusion
Considerable advancements have been made in 
identifying new ALL subsets, understanding the 
prognostic significance of MRD, and development of 
novel targeted therapies. The integration of more potent 
BCR::ABL1 TKIs, targeted antibodies, and other novel 
targeted therapies into the front-line regimens is showing 
promising outcomes, potentially signalling a shift in ALL 
management. Future strategies include: (1) incorporation 
of multiple targeted antibodies for CD19, CD20, and 
CD22 into a single regimen; (2) reducing chemotherapy 
intensity and shortening treatment duration; (3) replacing 
intensive chemotherapy with targeted therapies 
(eg, ponatinib and blinatumomab in Ph-positive ALL and 
blinatumomab and menin inhibitors in KMT2A-
rearranged ALL); (4) using CAR T-cell therapies in first 
complete remission for patients with MRD or high-risk 
disease; and (5) implementing standardised NGS-based 
MRD monitoring to guide therapy adjustments.
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