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Abstract: Acute lymphoblastic leukemia (ALL) is a hematologic malignancy arising from 

precursors of the lymphoid lineage. Conventional cytotoxic chemotherapies have resulted in high 

cure rates of up to 90% in pediatric ALL, but the outcomes for adult patients remain suboptimal 

with 5-year survival rates of only 30%–40%. Over the last decade, major advances have been 

made in our understanding and management of ALL. Identification of new prognostic genomic 

markers and incorporation of minimal residual diseases’ assessment into therapeutic protocols 

have improved risk stratification and treatment strategies. The use of pediatric-inspired regimens 

for adolescent and young adults, and the advent of tyrosine kinase inhibitors and novel targeted 

therapies, including monoclonal antibodies and chimeric antigen receptor T cells, have redefined 

the therapeutic paradigm of ALL, and significantly improved the outcomes. In this article, we 

will provide an overview of the current knowledge regarding the biology and treatment of ALL, 

and highlight recent diagnostic and therapeutic advances made in this area over the past 5 years.

Keywords: acute lymphoblastic leukemia, minimal residual disease, hematopoietic cell trans-

plantation, Philadelphia chromosome, monoclonal antibodies

Introduction
Acute lymphoblastic leukemia (ALL) is a hematologic malignancy arising from 

precursors of the lymphoid lineage. It has a bimodal distribution, with the first peak 

occurring at ~5 years of age (80% of cases) and the second peak occurring around 

the age of 50 (20% of cases).1 In adults, precursor B-cell ALL (B-ALL) accounts for 

~75% of cases and precursor T-cell ALL (T-ALL) comprises the remaining cases. 

Precursor B-ALL is further classified into early-pre-B (pro-B), common-B, and 

pre-B ALL (or mature pre-B ALL) according to the B-cell differentiation markers, 

ranging from the earliest to the latest. All three subtypes express CD19, CD22, and 

CD79, but the presence of CD10 distinguishes common-B-ALL and the expression 

of cytoplasmic immunoglobulins (with or without CD10 and CD20) identifies mature 

pre-B-ALL. Mature B-cell (Burkitt) leukemia, characterized by the expression of 

surface immunoglobulins, was eliminated from the 2008 WHO classification because 

it was no longer considered a separate entity from Burkitt lymphoma.2 In the 2016 

WHO classification, two provisional entities (BCR-ABL1-like and iAMP21) were 

added to the list of recurrent genetic abnormalities associated with B-ALL, and the 

hypodiploid variant was redefined as either low hypodiploid or hypodiploid with 

TP53 mutations.3 Early T-cell precursor lymphoblastic leukemia was also added as 

a provisional T-ALL entity.3
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In children with B-ALL, current therapies result in 

long-term survival of 80%–90%.4,5 In adults, while com-

plete remission (CR) rates are similar to those of children, 

long-term survival is only 40%, with the majority of deaths 

attributable to disease relapse.6 Adolescents and young adults 

(AYA), defined as those aged 15–39 years, may benefit 

from “pediatric-inspired” chemotherapy regimens, but the 

outcomes for this age group remain substantially inferior to 

those of children, with 5-year overall survival (OS) rates of 

50%–60%.7–9 The need for improved outcomes for adult ALL 

has led to major advancements in the understanding of the 

disease biology, the refinement of prognostic markers, and 

the development of novel therapies. In this review, we will 

provide an overview of the current knowledge regarding the 

biology and treatment of ALL and highlight the progress 

made over the past 5 years in the following five key areas:

1.	 established and emerging prognostic markers for ALL;

2.	 minimal residual disease (MRD) assessment for risk 

stratification and treatment strategy;

3.	 treatment of AYA with ALL;

4.	 treatment of Philadelphia-positive (Ph+) ALL in the era 

of tyrosine kinase inhibitors (TKIs);

5.	 salvage therapies with monoclonal antibodies (mAbs);

6.	 role of CAR T-cell therapy in relapsed/refractory (R/R) 

ALL.

Established and emerging 
prognostic markers in ALL
Established prognostic markers
Accurate assessment of prognosis is central to the manage-

ment of ALL. Historically, older age (defined as >35 years), 

high white blood cell (WBC) count (defined as >30×109 

for B-ALL or >100×109 for T-ALL), and Ph chromosome 

positivity were used as markers of poor outcome.10 Age is 

at least in part a surrogate for unfavorable intrinsic disease 

biology. A study of 200 ALL patients aged 15–65 years in 

the Southwest Oncology Group (SWOG)–9400 study showed 

that cytogenetic profile was a more important prognostic fac-

tor than age or WBC count.11 Ph+ ALL had a 1-year survival 

of ~10%12 in the pre-TKI era; however, with the advent of 

TKIs, long-term survival is now achieved in 50%–60% of 

these patients.13,14

Table 1 details the major genomic abnormalities in 

B-ALL and their prognostic significance. Recognition of Ph-

positive ALL and Burkitt leukemia is essential, because these 

formerly high-risk subsets require and can greatly benefit 

from different, highly specific treatments. High hyperdiploidy 

(51–65 chromosomes) and t(12;21)/ETV6-RUNX1 are well 

recognized favorable prognostic markers in both pediatric and 

adult ALL. These two genetic biomarkers account for 60% 

of pediatric and adolescent ALL but <15% of adult ALL,15 

with ETV6-RUNX1 being virtually non-existent in adults 

aged >30 years.16 Patients with either of these abnormalities 

have better outcomes compared to their age-matched coun-

terparts, with 5-year survival rates of >90% in pediatric ALL 

and 55% in adult ALL.17,18

In addition to t(9;22) (based on pre-TKI data), five 

other cytogenetic abnormalities, including MLL transloca-

tions, t(17;19), near-haploidy (24–31 chromosomes), low-

hypodiploidy (32–39 chromosomes), near-triploidy (60–78 

chromosomes), and complex cytogenetics (≥5 chromosomal 

abnormalities) are established markers of adverse prognosis. 

Patients with any of these abnormalities are classified as high 

risk according to National Comprehensive Cancer Network 

guidelines and should be considered for treatment with the 

most intensive regimens.19 Most recently, the presence of 

CDKN2A/2B deletions in patients with Ph+ ALL were also 

found to have a negative predictive impact on all endpoints, 

including OS, disease-free survival (DFS), and duration of 

remission, despite allogeneic hematopoietic cell transplanta-

tion (HCT) in first remission.20

Emerging prognostic markers
Recent discoveries in the genomic landscape of ALL include 

“Ph-like” ALL, iAMP21, translocations involving immuno-

globulin heavy chain (IGH) locus, overexpression of CRLF2, 

and JAK mutations.

Ph-like ALL
Ph-like ALL is a novel subtype that carries a gene expres-

sion signature similar to that of Ph+ ALL without harboring 

the BCR-ABL1 translocation. This entity represents 10% of 

ALL cases in children, 15%–20% in AYA, and 25%–30% in 

adults.21 These patients demonstrate an unfavorable outcome, 

with a 5-year DFS of only 25% in AYA patients.21,22 Given 

that Ph-like ALL is defined based on the gene expression 

profiles, the underlying genetic makeup of this subtype 

is heterogeneous. Approximately 50% of Ph-like patients 

harbor CRLF2 rearrangements, with concomitant JAK muta-

tions detected in approximately half of CRLF2 cases.22–24 

Other common genetic abnormalities include ABL-class 

fusions (ABL1, ABL2, PDGFRB) (22%), IKZF1 deletions 

(28%),22 EPOR and JAK2 rearrangements (18%), RAS 

pathway (10%), and other mutations that activate JAK-STAT 

signaling (20%).25 Importantly, in vivo and in vitro studies 
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along with emerging clinical observations indicate that 

patients with ABL-class fusions may respond to second-

generation TKIs such as dasatinib, while patients with a 

kinase-activating aberration may be amenable to therapy 

with JAK inhibitors such as ruxolitinib.21 Genomic profiling 

may therefore expand therapeutic options in this subgroup 

of patients with poor prognosis, although further studies 

are needed before these treatments can be incorporated into 

therapeutic protocols.

iAMP21
Over the last decade, iAMP21 has become an important 

prognostic marker in pediatric ALL. This structural chromo-

somal abnormality was discovered during routine screening 

for the presence of ETV6-RUNX1 fusion by fluorescent in 

situ hybridization analysis, and is usually defined as ≥3 extra 

copies of the RUNX1 gene on a single abnormal chromosome 

Table 1 Common genomic abnormalities in B-cell acute lymphoblastic leukemia and their prognostic significance

Risk class Involved gene Frequency

Adults Children

Favorable risk
Cytogenetic (numerical change)
Hyperdiploid TP53, CREBBP 2%–15% 10%–26%
Tetraploid
Cytogenetic (translocation)
t(12;21)(p12;q22) ETV6-RUNX1 <1% 20%–25%
High risk
Cytogenetic (numerical change)
Hypodiploid RAS, IKZF2, TP53 5%–10% 5%–10%
Near-triploid Unknown/unidentified 3%–5% 1%
Trisomy 8 Unknown/unidentified 10%–12% 2%
Monosomy 7 Unknown/unidentified 6%–11% 4%
Cytogenetic (translocation)
t(9;22)(q34;q11) BCR-ABL, IKZF, CRLF2 15%–25% 2%–6%
t(4;11); t(9;11); t(19;11); t(3;11) MLL with various partners 5%–10% <5%
t(8;14); t(8;22); t(2;8) C-MYC with various partners 5% 2%–5%
t(17;19) E2A-HLF <5% <5%
Cytogenetic (other)
Complex cytogenetic 5%–10% 2%
iAMP21 RUNX1 – 2%
7 p deletion Unknown/unidentified 5%–10% <5%
17 p deletion
9 p deletion

TP53
CDKN2A, CDKN2B

8%
7%–11%

2%
6%–30%

Molecular genetics
CRLF2 overexpression CRLF2 5%–10% 5%–10%
IGH rearrangement IGH <3% 10%
JAK mutations JAK1, JAK2 7%–18% 2%
Gene expression
BCR-ABL1-like CRLF2, IKZF1, JAK2, ABL1, ABL2, PDGFRB, EPOR, RAS, NTRK3 25%–30% 10%
Intermediate risk
Cytogenetics
t(1;14); t(10;14); t(5;14) TCR with various oncogenes ~35% ~35%

Note: Data from Mrózek et al.118

(a total of ≥5 RUNX1 signals per cell).26 iAMP21 is found in 

1.5%–2% of pediatric ALL patients26,27 and is associated with 

an inferior outcome when treated with standard therapy and 

an improved outcome with intensive therapy.28 iAMP21 is 

thus considered both a prognostic and a predictive biomarker 

in pediatric ALL. In adult ALL, iAMP21 is extremely rare, 

and therefore its prognostic significance is unclear in this 

age group.29

IGH rearrangement, CRLF2 
overexpression, and JAK mutations
IGH translocations are well recognized and frequent in 

lymphoma and mature leukemia. However, recent studies 

have revealed a variety of IGH rearrangements specific to 

precursor B-ALL, where the juxtaposition of an oncogene 

to the IGH enhancer drives its overexpression.30,31 Various 

partner genes have been identified, with the most common 
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being CRLF2 (~25% of cases) followed by CEBP (~10% of 

cases). IGH rearrangement frequency is low among children 

(<3%) but considerably higher (10%) among AYA.31 Patients 

with IGH translocations have an inferior outcome compared 

to other patients in the AYA setting.31

The overall frequency of CRLF2 rearrangement in 

B-ALL is 5%–10%, but the frequency is higher in patients 

with Down syndrome (>50%).32,33 CRLF2 overexpression 

can arise from interstitial deletion in the PAR1 region of 

chromosomes X and Y, as well as in patients who lack clear 

genetic alterations at this locus.33 Data on the prognostic 

significance of CRLF2 are conflicting, with some studies 

suggesting it is a prognostic marker of poor outcome,24 and 

others concluding it is irrelevant in the context of other 

risk factors.24 Approximately 50% of patients with CRLF2 

overexpression also harbor a JAK mutation.23,24 Although 

all kinase-activating lesions can theoretically be targeted 

with appropriate small molecule inhibitors, it remains to be 

determined which JAK mutations are predictive biomarkers 

for treatment with such inhibitors. Furthermore, CRLF2 may 

be a particularly attractive therapeutic target among patients 

with Down syndrome, as these patients are prone to the toxic 

side effects of cytotoxic chemotherapy.

MRD assessment for risk 
stratification and treatment 
strategy
Several prospective nonrandomized studies have confirmed 

the strong and independent prognostic impact of MRD after 

induction and early consolidation in both pediatric and 

adult ALL.34–40 In the German Multicenter Study Group 

for Adult ALL (GMALL), molecular MRD analysis was 

performed in standard risk Ph-negative adult ALL patients 

after induction (days 11 and 24) and/or consolidation (week 

16).39 The researchers identified a small subset of patients 

(~24%) with a rapid MRD decline to <10-4 by day 11. This 

group had an excellent prognosis with a 3-year relapse rate 

of 0%. In contrast, patients with an MRD of ≥10-4 until week 

16 had a 3-year relapse rate of 94% and survival of 20%.39 

The GMALL group subsequently assessed the prognostic 

impact of MRD positivity following consolidation therapy, 

and found that patients who remained in molecular remission 

after consolidation had a superior 5-year survival compared 

to those who developed molecular relapse (80% vs 42%).39 

Among patients with molecular relapse, those who were still 

in CR and underwent allogeneic HCT had a higher 5-year 

CR (66% vs 12%) and a trend toward improved OS (54% vs 

33%, P=0.06) compared to those who had molecular relapse 

but did not undergo HCT. Similarly, MRD was confirmed as 

the most significant risk factor for relapse in Northern Italy 

Leukemia Group (NILG), Group for Research on Adult 

Acute Lymphoblastic Leukemia (GRAALL), and Programa 

Para El Estudio y Traramiento De Las Hemopatias Malig-

nas (PETHEMA) studies.34,35,40 A PCR-based method with 

a cutoff value of <10-4 was used in the NILG (at weeks 16 

and 22) and GRAALL (at week 6) studies, whereas in the 

PETHEMA trial, MRD assessment was performed via flow 

cytometry with a cutoff value of <5×10-4 at week 18. Large-

scale AIEOP-BFM-ALL 2000 studies have also shown that 

MRD-based treatment strategies improve the outcomes in 

pediatric patients, in both B- and T-ALL.36,37

The previously mentioned studies employed different 

techniques, cutoff values, and time points for MRD measure-

ment, as there are currently no universally accepted criteria 

for MRD definition. Thus far, the three most widely used 

techniques are RT-PCR, multicolor flow cytometry (MFC), 

and next-generation sequencing (NGS). PCR-based molecu-

lar analysis is performed either by tracking the Ig/TCR gene 

rearrangements present in up to 90% of B- and T-ALL41 or 

by analyzing the fusion gene transcripts present in 30%–40% 

of patients with ALL. In addition to these conventional 

methods, two high-throughput MRD techniques have been 

introduced in the past 5 years: 1) EuroFlow-based (≥8-color) 

next-generation flow cytometry42 and 2) high-throughput 

sequencing (HTS) of Ig/TCR.43 These new approaches are 

aimed at higher sensitivities, and easy and broad applicabil-

ity. In a recent study, Wood et al compared HTS of IGH 

and TRG genes vs MFC for MRD detection at the end of 

induction chemotherapy in pediatric patients with newly 

diagnosed B-ALL. HTS and MFC demonstrated similar 

5-year event-free survival (EFS) and OS for MRD-positive 

and MRD-negative patients using a threshold of 0.01% for 

MRD. However, there was a high discordance rate, with 

HTS identifying 38% more MRD-positive patients at this 

threshold. These discordant patients had worse outcomes than 

MFC-MRD-negative patients. Furthermore, the increased 

analytic sensitivity of HTS permitted identification of 20% 

of standard risk patients without MRD at any detectable level 

who had an excellent 5-year EFS (98%) and OS (100%).44 

The advantages and disadvantages of these MRD detection 

techniques are summarized in Table 2.

Various large-scale studies have compared MRD levels in 

paired blood and bone marrow samples in B- and T-ALL.45–47 

These studies have confirmed that for T-ALL, the blood 

MRD levels are comparable to or up to 1 log lower than the 

bone marrow MRD level. However, for B-ALL, the blood 
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MRD levels are 1–3 logs lower than the bone marrow MRD 

levels.45–47 Bone marrow sampling has thus been proposed as 

the preferred method for MRD assessment in both B-ALL 

and T-ALL. Although the timing of MRD assessment in 

adult ALL varies depending on the treatment regimens, it is 

commonly accepted that the initial measurement should be 

performed upon completion of induction therapy to facilitate 

further risk stratification and treatment decisions.48,49 After 

that, ongoing MRD monitoring during consolidation therapy 

would serve as a safety net, particularly for patients with 

MRD-based treatment de-escalation, for whom preemptive 

salvage therapy in the event of MRD relapse could be a con-

sideration.49 In the GMALL study, MRD-negative patients 

reconverted to quantifiable MRD positivity a median time 

of 4.1 months before clinical relapse, supporting the concept 

that hematologic relapse can be predicted by MRD.50

Treatment of AYA with ALL
The National Cancer Institute (NCI) defines AYA to be those 

aged 15–39 years. Recent studies have suggested that the 

AYA population may benefit from treatment with pediatric-

inspired regimens and thus are considered separately from 

adults.9,51 Pediatric-inspired regimens focus on the Berlin-

Frankfurt-Munster (BFM) backbone (consisting of corti-

costeroids, vincristine, and asparaginase), use of prolonged 

post-remission asparaginase, delayed re-induction, early 

central nervous system prophylaxis during induction, and 

reserving allogeneic HCT for very high-risk patients.51,52 In 

contrast, adult treatment regimens typically consist of inten-

sive use of myelosuppressive agents including daunorubicin, 

cytarabine, and cyclophosphamide, as well as allogeneic HCT 

in first remission.53 The GRAALL group tested this concept 

in 225 patients up to 60 years of age who were treated with 

a pediatric-inspired regimen and compared the outcomes 

with those of a historical control group treated with an adult 

Leucemie aigue lymphoblastique de l’Adult (LALA) regi-

men.9 The pediatric-inspired regimen resulted in significantly 

improved survival (66% vs 44%, P<0.001). However, in a 

subgroup analysis, superior outcomes were seen only in 

patients younger than 45 years. In patients between the 

ages of 40 and 60, there was a 23% cumulative incidence of 

chemotherapy-related deaths, which essentially negated any 

incremental benefit offered by enhanced anti-leukemic activ-

ity. In another study at the MD Anderson Cancer Center, 106 

AYA patients were treated with an augmented BFM regimen 

and compared with the results of those from 102 AYA patients 

treated with hyper-CVAD (cyclophosphamide, vincristine, 

adriamycin, dexamethasone) with or without rituximab.8 

The results obtained with the augmented BFM regimen 

were comparable to those achieved with hyper-CVAD ± 

rituximab (3-year OS rates of 72 % vs 71%, respectively). 

The pediatric-inspired regimen was more toxic (pancreati-

tis, liver dysfunction, thrombosis, and osteonecrosis) and 

worse than the combination of hyper-CVAD with rituximab 

Table 2 Characteristics of conventional and new high-throughput MRD techniques

Technique Target Applicability Sensitivity Advantages Disadvantages

RQ-PCR  
(Ig/TCR)

Ig/TCR gene 
rearrangement

Up to 90% 10-4–10-5 •	 High sensitivity
•	 Large applicability
•	 Well-standardized

•	 Time-consuming
•	 Target instability
•	 Require more experience

RQ-PCR  
(fusion gene)

Fusion gene 
transcripts

30%–40% 10-4–10-6 •	 High sensitivity
•	 Rapidity and easy use
•	 Target stability

•	 Cross-contamination risk
•	 Applicable for specific 

leukemia subgroups
MFC Leukemic cell 

immunophenotype
>90% 10-3–10-4 •	 Relative high sensitivity

•	 Rapidity
•	 Large applicability

•	 Difficult to standardize
•	 Require more experience
•	 Phenotype switch

NGS Ig/TCR gene 
rearrangements

>90% 10-5–10-6 •	 Highest sensitivity
•	 Large applicability

•	 Not yet standardized
•	 Expensive

EuroFlow-based 
flow cytometry  
(≥8 colors)

N-dimension-based 
deviations from 
normal leukocytes

>90% 10-4–10-5 •	 Rapidity (within 3–4 hours)
•	 High applicability
•	 Highly standardized
•	 Many labs in Europe

•	 Require more experience
•	 Many cells needed
•	 Still limited in the US
•	 Validation ongoing

Ig/TCR HTS Ig/TCR gene 
rearrangements

>95% 10-4–10-6 •	 High sensitivity
•	 High applicability
•	 Not dependent on primers
•	 Identifies oligoclonality

•	 Time-consuming
•	 No standardization
•	 Limited number of labs
•	 Validation ongoing

Abbreviations: HTS, high-throughput sequencing; MFC, multicolor flow cytometry; MRD, minimal residual disease; NGS, next-generation sequencing.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Blood and Lymphatic Cancer: Targets and Therapy 2018:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

52

Hefazi and Litzow

in patients older than 25 years. Based on the results of this 

study, one of the adult regimens that is still considered for 

AYA patients is hyper-CVAD with or without rituximab. 

The largest prospective study to evaluate the feasibility of a 

pediatric regimen in AYA ALL patients is the US intergroup 

trial C10403 (Alliance).54 In this study, 318 AYA ALL patients 

between 16 and 39 years of age were treated based on the 

standard arm of the Children’s Oncology Group (COG) 

regimen (AALL0232).55 The 2-year EFS and OS rates were 

66% and 78%, respectively, and toxicities were manageable, 

with low treatment-related mortality rate of 3%. Based on the 

results of these studies, the National Cancer Comprehensive 

Cancer Network recognizes that AYA up to the age of 40 

years old may benefit from treatment with pediatric-inspired 

regimens. Most recently, Huguet et al56 aimed to determine 

the upper age limit for use of pediatric-inspired regimens and 

to evaluate the role of hyperfractionated cyclophosphamide vs 

standard dose of cyclophosphamide during induction and late 

intensification in adults with newly diagnosed Ph-negative 

ALL (GRAALL-2005). As a result of worse treatment tol-

erance, advanced age continuously affected CR rate, EFS, 

and OS, with 55 years as the best age cutoff. At 5 years, 

EFS was 55% for patients younger than 55 years of age vs 

25% in older patients. Randomization to the hyperfraction-

ated cyclophosphamide arm did not increase the CR rate or 

prolong EFS or OS.

Treatment of Ph+ ALL
In the pre-TKI era, patients with Ph+ ALL had a poor 

prognosis with a 5-year OS of 19% for those treated with 

chemotherapy alone, and 35%–45% for those who underwent 

allogeneic HCT.57 This resulted in the standard practice of 

offering allogeneic HCT to all Ph+ patients in first remission. 

In the current era, however, improved outcomes with TKIs 

have raised several important questions, including: 1) Is there 

a best TKI for the treatment of Ph-positive ALL? 2) Could 

less intensive chemotherapy regimens be used for remission 

induction in Ph+ ALL? 3) Do all Ph+ ALL patients require 

allogeneic HCT in first CR? 4) What is the optimum strategy 

for TKI therapy in the post-HCT settings?

Is there a best TKI for the treatment of Ph+ ALL?
In an important study from the UKALLXII/ECOG2993, 

Fielding et al demonstrated that the inclusion of imatinib 

in the standard BFM-type induction chemotherapy signifi-

cantly improved long-term outcomes.13 The 4-year OS for 

the imatinib cohort in this study was 38%, which compared 

favorably to 22% in a historical cohort of patients who were 

treated with the same regimen, but prior to the advent of 

imatinib. Similar results were obtained when later-generation 

TKIs, such as dasatinib, nilotinib, or ponatinib, were added to 

multi-agent chemotherapy regimens.58–61 However, it remains 

unclear whether there is a benefit to later-generation TKIs 

over imatinib, as there are no randomized trials comparing 

different TKIs head-to-head.

The second- and third-generation TKIs have theoretical 

advantages over the use of imatinib because of their higher 

potency, cerebrospinal fluid penetration, activity against 

non-tyrosine kinases, and altered binding to the BCR-ABL1 

kinase domain.62,63 Both nilotinib and dasatinib have demon-

strated somewhat better activity than historical controls.60,64 

Furthermore, many patients with relapsed Ph+ ALL harbor 

a T315I clone resistant to imatinib and second-generation 

TKIs.65 Ponatinib is a more potent third-generation BCR-

ABL1 TKI that suppresses the T315I clone.66,67 In a propen-

sity score analysis of two consecutive, prospective, Phase II 

clinical trials of frontline hyper-CVAD with either ponatinib 

or dasatinib, patients treated with frontline ponatinib achieved 

significantly better 3-year OS (83% vs 56%).68 These data 

suggest that ponatinib may soon have a role in the frontline 

therapy for Ph+ ALL.

Could less intensive chemotherapy regimens be used 
for remission induction in Ph+ ALL?
The improved outcomes with TKIs set the stage for the 

consideration of chemotherapy de-escalation for the treat-

ment of Ph+ ALL to lessen the morbidity and mortality 

associated with induction chemotherapy. In LAL1201-B 

and LAL1205 studies from the Italian Gruppo Italiano 

Malattie EMatologiche dell’Adulto (GIMEMA), patients 

treated with combinations of corticosteroids and TKIs for 

induction therapy demonstrated CR rates of 93%–100% and 

OS of 69%–74% after median follow-ups of 12–25 months. 

In an ongoing study, the GIMEMA LAL1509 trial, patients 

received dasatinib combined with corticosteroids as induc-

tion therapy, and chemotherapy and/or allogeneic HCT were 

administered if patients did not reach a sustained complete 

molecular response (CMR) after induction.69 As previously 

reported in other GIMEMA trials, no deaths occurred dur-

ing induction, and 20% of patients achieved CMR. Among 

patients with CMR, only one experienced a hematologic 

relapse. Most recently, the GIMEMA investigators reported 

the initial results of a Phase II study of ponatinib and cor-

ticosteroids as frontline therapy for adults with Ph+ ALL 

aged ≥60 years or deemed unfit for intensive chemotherapy. 

With this chemotherapy-free regimen, nearly all of the 42 
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treated patients achieved complete hematologic remission. 

Further, the CMR rate was 45.8%, which is higher than the 

20%–25% rate reported in prior studies with dasatinib plus 

corticosteroids, suggesting deeper responses with ponatinib.70 

Although these studies require longer follow-ups, the results 

overall suggest that patients who achieve a CMR may not 

require additional intensive treatments.

Other studies combining dasatinib or nilotinib with 

intensive or low-intensity chemotherapy have also shown 

encouraging results.71,72 In the GRAAPH-2005 study, 268 

patients aged 18–59 years were randomized to imatinib 

combined with weekly vincristine and dexamethasone or 

imatinib combined with hyper-CVAD chemotherapy.73 

Patients received similar consolidation, and the ultimate plan 

was for all patients to undergo allogeneic or autologous HCT. 

The CR rate after induction was higher in the low-intensity 

group, mainly because of the higher rate of induction-related 

mortality in the hyper-CVAD group (7% vs <1%). An equal 

number of patients in each group proceeded to autologous 

or allogeneic HCT, and the 3-year OS was similar between 

the two cohorts (53% for the low-intensity group vs 49% 

for the hyper-CVAD group). Most recently, Martinelli et al 

evaluated the efficacy and tolerability of blinatumomab in 

patients with relapsed or refractory Ph+ ALL. In this Phase II, 

single-arm study, treatment with single-agent blinatumomab 

resulted in a 36% CR or CR with partial hematologic recovery 

(CRh) within the first two cycles. More importantly, 88% of 

responders also achieved a complete MRD response. These 

data showed that the proportion of patients who achieved CR/

CRh was similar to that of less heavily pretreated patients 

or those in the Ph– setting, with similar or better response 

duration than that observed with TKI therapies. Given the 

high CR rates and minimal toxicity with these low-intensity 

regimens, we currently favor the enrollment of Ph+ ALL 

patients in a clinical trial utilizing this approach over induc-

tion chemotherapy.

Do all Ph+ ALL patients require an allogeneic HCT 
in first CR?
Allogeneic HCT has traditionally been considered the 

standard of care and the only chance for a cure in patients 

with Ph+ ALL. However, with the introduction of TKIs and 

improved outcomes, the role of allogeneic HCT in first CR 

is now being debated. The first group to suggest that allo-

geneic HCT could be omitted was the COG. In their study, 

AALL0031, pediatric Ph+ ALL patients treated with imatinib 

plus chemotherapy had a 3-year EFS that was equal to or 

better than sibling-related allogeneic HCT (88% vs 57%, 

respectively).74 A longer follow-up of this study demonstrated 

similar DFS at 5 years for the chemotherapy plus imatinib 

group (70%) compared to those who underwent allogeneic 

HCT (65% for sibling-related and 59% for unrelated donor).75

Several contemporary trials suggest that excellent out-

comes with DFS of ~70% can be achieved with or without 

HCT if patients achieve molecular remission following 

TKIs.60,69,71 The Korean Society of Hematology Adult ALL 

Working Party reported the results of a Phase II study of 

nilotinib combined with multi-agent chemotherapy in the 

manner of BFM-like induction (KALLA0503).60 Among 

76 patients who achieved CMR, the estimated 2-year 

molecular relapse-free survival was not different between 

the transplanted and non-transplanted patients (65% vs 53%, 

respectively), suggesting that allogeneic HCT may not be 

necessary for patients who achieve deep molecular response 

with next-generation TKIs. In a different study, Ravandi 

et  al studied the predictive value of MRD in Ph-positive 

ALL patients treated with chemotherapy plus TKI without 

allogeneic HCT in first CR.64 Data from this study revealed 

that the best outcome was observed in patients who achieved 

CMR within 3 months of therapy; the 4-year OS rates 

were 66%, 43%, and 32% in patients with 3-month CMR, 

major molecular remission (MMR), and less than MMR, 

respectively.64 The Cancer and Leukemia Group B Study 

10001 (Alliance) and other publications have also reported 

encouraging outcomes for autologous HCT as compared to 

allogeneic HCT, specifically in the setting of deep remissions 

and low MRD.76,77 Taken together, these studies suggest that 

the achievement of molecular remission is a goal of treat-

ment in patients with Ph+ ALL and may obviate the need 

for allogeneic HCT.

What is the optimum strategy for TKI therapy in the 
post-HCT setting?
TKIs after transplant are commonly considered by most 

physicians either as prophylaxis or triggered by MRD posi-

tivity. However, the benefits of TKIs and the optimal strategy 

in the post-HCT setting remain unclear. A randomized trial 

by Pfeifer et al compared prophylactic and MRD-triggered 

imatinib after allogeneic HCT for Ph+ ALL. With prophylactic 

imatinib, the incidence of molecular recurrence after HCT 

was significantly reduced (40%) compared to imatinib given 

at MRD detection (69%). Five-year OS was high in both 

groups (80% and 74.5%, respectively), despite premature 

discontinuation of imatinib in the majority of patients due to 

poor tolerability.78 In another study, Wassman et al treated 27 

Ph+ ALL patients with imatinib upon detection of MRD after 
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allogeneic HCT. All patients who achieved an early molecular 

response to post-HCT imatinib remained in remission for 

the duration of imatinib treatment; three patients relapsed 

after imatinib was discontinued. Failure to achieve MRD 

negativity shortly after starting imatinib predicted relapse, 

which occurred in 12 (92%) of 13 patients after a median of 3 

months. According to this study, approximately half of patients 

with Ph+ ALL receiving imatinib for MRD positivity after 

HCT experienced prolonged DFS, which can be anticipated 

by the rapid achievement of a molecular CR. Continued MRD 

positivity after 2–3 months on imatinib identified patients who 

will ultimately experience relapse and in whom additional 

or alternative antileukemic treatments should be initiated.79 

Conversely, in a retrospective analysis of 102 adults and eleven 

children with Ph+ ALL who underwent allogeneic HCT in 

first or later remission, Neither pre- nor post-HCT TKI use 

were found to significantly impact transplant outcomes after a 

median follow-up of 5 years.80 According to a consensus state-

ment of the Acute Leukemia Working Party of the European 

Society for Blood and Marrow Transplantation, patients with 

undetectable MRD after allogeneic HCT may be treated pro-

phylactically or, alternatively, may be monitored and treated 

with a TKI only after the detection of MRD in a preemptive 

strategy. For patients undergoing transplantation during first 

complete remission (CR1), TKI treatment should be given for 

12 months of continuous MRD negativity, whereas patients 

undergoing HCT at second complete remission (CR2) or a 

later remission should be treated with TKIs indefinitely unless 

this is precluded by poor tolerability and toxicities.81

Salvage therapies with mAbs
Despite an exceptionally high rate of initial CR, many adults 

with ALL will relapse. Cytotoxic chemotherapies can achieve 

CR rates of 30%–40%, but the OS is dismal with a 5-year 

survival of 5%–10%.82,83 Targeted therapies using mAbs have 

shown promising results in this area. mAbs for B-ALL are 

primarily targeted against CD19, CD20, CD22, and CD52 

(Figure 1). The anti-CD20 mAbs have shown to improve 

Figure 1 Monoclonal antibodies under investigation for treatment of B-cell acute lymphoblastic leukemia.
Note: List is not comprehensive. 
Abbreviations: ADC, antibody drug conjugate; AYA, adolescents and young adults; B-ALL, B-cell acute lymphoblastic leukemia; BFM, Berlin-Frankfurt-Munster; BiTE, 
bispecific T-cell engager; chemo, chemotherapy; HCVAD, hyperfractionated cyclphosphamide, vincristine, adriamycin, dexamethasone; HCT, hematopoietic cell 
transplantation; mAb, monoclonal antibody; Ph, Philadelphia; R/R, relapsed/refractory. 
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outcomes when combined with conventional chemotherapies 

in the frontline treatment of Burkitt leukemia and CD20+ 

pre-B-ALL (~30%–50% of pre-B-ALLs).84–87 Other mAbs 

targeting CD19 and CD22 have shown encouraging results in 

R/R ALL. Among these, blinatumomab and inotuzumab ozo-

gamicin (InO) are in the most advanced investigational phases 

(discussed in the following section), while several newer 

mAbs including ofatumumab, obinutuzumab, epratuzumab, 

denintuzumab mafodotin, and moxetumomab pasudotox are 

currently under investigation.

Blinatumomab
Blinatumomab is the first-in-class bispecific T-cell engager 

antibody that has dual specificity for CD19 and CD3 via its 

two variable antigen-binding domains. On binding to CD19, 

the cytotoxic T cells become activated and induce cell death 

via the pore-forming perforin system.88 This drug was initially 

administered as intermittent infusions 2–3 times per week, 

but lack of activity and serious adverse events resulted in 

premature closure of early trials.88 Later in 2004, continuous 

infusion over several weeks was investigated and showed 

marked improvement in the drug activity and safety profile. 

Therefore, subsequent trials were based on continuous infu-

sion rather than short-term infusion.88

The first study of blinatumomab in pre-B-ALL was per-

formed by Topp et al in an attempt to evaluate its efficacy 

in eradicating MRD.89 In this Phase II, single-arm clinical 

trial, 80% (16 of 20) MRD-positive patients achieved MRD 

negativity at the end of the first cycle. Similar results were 

found in a confirmatory Phase II trial of 116 MRD-positive 

patients (BLAST study), in which 78% of patients achieved 

MRD negativity after the first cycle.90,91 Subsequently, a Phase 

II, multicenter, single-arm study evaluated blinatumomab in 

36 patients with R/R B-ALL.92 In this study, 25 of 36 (69%) 

patients with R/R B-ALL achieved CR with complete or 

partial CRh at the end of the first cycle. Similarly, in a con-

firmatory Phase II study of 189 patients with R/R ALL, 81 

patients (43%) achieved a CR (33%) or CRh (10%),93 with 

82% of the responders also experiencing MRD negativity.

Based on these results, the US Food and Drug Admin-

istration (FDA) first approved blinatumomab under accel-

erated approval in December 2014 for patients with Ph 

chromosome-negative R/R ALL. Since then, blinatumomab 

has been studied in a variety of patient populations, including 

1) a Phase III, randomized trial comparing blinatumomab 

to investigator’s choice of chemotherapy in adults with R/R 

ALL (TOWER study) (Figure 2);94 2) a Phase II, single-arm 

trial in adults with R/R Ph+ ALL (ALCANTRA study);95 

Figure 2 Overall survival in adults with relapsed or refractory acute lymphoblastic leukemia treated with blinatumomab vs chemotherapy (TOWER Study).
Note: From the New England Journal of Medicine, Kantarjian H, Stein A, Gökbuget N, et al, Blinatumomab versus Chemotherapy for Advanced Acute Lymphoblastic 
Leukemia, 376(9):836–847. Copyright © (2017) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.94 
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3) a Phase I/II study in pediatric and adolescent patients 

with R/R ALL (NCT01471782);96 4) a Phase II study of 

blinatumomab combined with chemotherapy vs dasatinib, 

prednisone, and blinatumomab in elderly patients with newly 

diagnosed ALL (NCT02143414);97 and 5) a Phase III study 

of chemotherapy combined with or without blinatumomab 

as frontline therapy for adults with ALL aged 30–70 years 

(NCT02003222).98 Based on these results, blinatumomab 

was granted full approval by the FDA in July 2017, and the 

indication was extended to include patients with Ph+ ALL. 

Most recently, the FDA expanded blinatumomab approval to 

include MRD-positive ALL. This was based on the results of 

the MT103 (BLAST) trial that included 86 patients in first 

to second CR who had detectable MRD ≥10-3 in their bone 

marrow. MRD-negative status was achieved in 70 patients 

after one cycle of treatment, and over half of the patients 

remained alive and in remission for at least 23 months.99

Inotuzumab ozogamicin
InO is an mAb against CD22 that is conjugated to calicheami-

cin, a potent cytotoxic compound.100 Upon internalization of 

the immunoconjugate, calicheamicin binds with DNA and 

results in double-stranded DNA breaks, which induce apop-

tosis.101 Kantarjian et al conducted the first Phase II study of 

InO as a single agent in 49 patients with R/R ALL aged 6–80 

years. In this study, the overall response rate was 57%, and 

the median OS was 6.7 months.102 A second Phase II study 

of 90 adult patients with CD22+ ALL in second or later 

salvage showed similar CR rates (66%) and median OS (7.4 

months).103 These promising results in the salvage setting led 

to a clinical trial incorporating low-dose weekly InO into low-

intensity hyper-CVAD in newly diagnosed elderly patients 

with CD22+ ALL. This study showed encouraging CR rates 

of 81% and a 1-year OS of 78%.104 Subsequently, the Phase 

III INO-VATE trial compared single agent InO with standard 

chemotherapy in 326 adult patients with R/R CD22+ ALL, 

and found significantly higher CR rate (81% vs 30%), PFS 

(5 vs 1.8 months), and median OS (7.7 vs 6.7 months) in the 

InO group (Figure 3).105 The most frequent non-hematologic 

adverse events with InO were fever, hypotension, and veno-

occlusive liver disease (VOD). The majority of VOD in the 

InO arm was seen after allogeneic HCT. More recently a 

subset analysis of this trial comparing the safety and efficacy 

of InO in younger (<55 years) and older (≥55 years) patients 

demonstrated that InO was tolerable in older patients with 

R/R ALL. Although OS was longer for younger patients vs 

older patients (median, 8.6 vs 5.6 months; P=0.003), InO 

demonstrated high response rates (75% vs 70%; P=0.24) 

Figure 3 Overall survival in adults with relapsed or refractory ALL treated with inotuzumab ozogamicin vs standard intensive chemotherapy (INO-VATE Trial).
Note: From the New England Journal of Medicine, Kantarjian HM, Deangelo DJ, Stelljes M, et al, Inotuzumab Ozogamicin versus Standard Therapy for Acute Lymphoblastic 
Leukemia, 375(8):740–753. Copyright © (2016) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.105  
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and duration of response (5.4 vs 4.7 months; P=0.09) in 

both age groups.106 These efforts led to the FDA approval of 

InO for treatment of R/R B-ALL in August 2017. Following 

these encouraging results, the US cooperative intergroup has 

planned a successor AYA trial in which InO is added to the 

C10403 chemotherapy backbone (NCT03150693), aiming 

to improve the survival for AYA patients by incorporating 

targeted agents into frontline chemotherapy.

Role of CAR T-cell therapy in R/R ALL
CD19-targeted CAR T-cell therapy has shown promising 

results for R/R ALL in several recent clinical trials.107–110 

The majority of these trials are led by three institutions: the 

University of Pennsylvania (UPenn), the Memorial Sloan 

Kettering Cancer Center (MSKCC), and the NCI. The first 

reports came from the MSKCC group and detailed outcomes 

in adults with R/R B-ALL (16 patients in a first report and 

40 in a subsequent larger cohort). This was followed by 

the reports from the investigators at UPenn and the NCI, 

who, respectively, treated 25 and 21 children and young 

adults.108,109 Most recently, the group at the Fred Hutchinson 

Cancer Research Center reported their outcomes of treating 

30 adults.107 Furthermore, two Phase II, single-arm, multi-

center trials are currently evaluating the safety and efficacy 

of CD19-targeted therapy in pediatric patients with R/R ALL 

(ELIANA111 and ENSIGN112 studies). Although the aforemen-

tioned studies differed in CAR designs, T-cell manufacturing, 

conditioning regimens, patients’ age, and T-cell dosages, each 

trial was comparably effective in treating R/R ALL, reach-

ing CR rates of 90% even in heavily pretreated patients. In 

comparison, the expected CR rate for R/R B-ALL treated 

with salvage chemotherapy is ~30%. Altogether these efforts 

led to the FDA approval of CAR T-cell therapy for children 

and young adults up to age 25 with R/R B-ALL in August 

2017. Most recently, Park et al have published the long-term 

outcomes of 53 adults with R/R ALL who were treated with 

CD19-directed CAR T cells. They reported a strikingly high 

CR rate of 83% among all patients and a 74% CR rate among 

the 19 most heavily pretreated patients (≥4 lines of treatment). 

The key finding in this study was that patients with lower 

tumor burden experience the highest long-term survival and 

the lowest toxicities (cytokine release syndrome [CRS] and 

neurotoxicity). These findings further indicate that CAR T-cell 

therapy may be most beneficial earlier in the course of treat-

ment for particularly high-risk patients, such as those with 

MRD positivity after standard induction therapy. Furthermore, 

it is plausible that CAR T-cell therapy could replace the need 

for allogeneic HCT for these MRD-positive patients, as the 

cohort analyzed in this study did not appear to benefit from 

proceeding to subsequent transplant.113

Toxicities from CAR T cells are mainly related to cell 

expansion and activation, resulting in CRS and neurotoxic-

ity, which can be severe in ~30% of patients.114 The IL-6 

inhibiting agent tocilizumab is effective in this setting.109 

The on-tumor off-target toxicity of CD19 CAR T cells 

can result in B-cell aplasia and agammaglobulinemia with 

resulting need for long-term immunoglobulin replacement. 

Most recent advances in the field of CAR T-cell therapy 

for B-ALL include RNA-based methods (instead of viral 

vectors) for gene delivery,115 application of CD22-directed 

(instead of CD19-directed) CAR T cells,116 and use of allo-

geneic donor-derived (instead of autologous donor) CAR T 

cells.117 Ongoing research is expected to identify the optimal 

clinical use and minimize toxicities of this highly innovative 

therapeutic strategy.

Conclusion
Major advances have been made in our understanding of 

the pathogenesis and treatment of ALL over the last decade. 

Genomic discoveries such as the iAMP21 aberration and the 

Ph-like gene expression profile have become the important 

prognostic markers in pediatric and adult ALL. MRD assess-

ment following induction and early consolidation has emerged 

as the strongest prognostic marker for relapse, hence allowing 

for individualized risk stratification and treatment strategies. 

The incorporation of TKIs into the treatment of Ph+ ALL has 

drastically improved outcomes and set the stage for reducing 

the intensity and minimizing the toxicity of combination che-

motherapies in this historically poor prognosis ALL. Blinatu-

momab and inotuzumab have recently received FDA approval 

for treatment of R/R B-ALL, while several other promising 

agents are in different stages of clinical development. CAR 

T cells have emerged as one of the most promising targeted 

immunotherapies for R/R ALL, albeit their optimal clinical 

use and technical challenges are yet to be defined.
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