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Chapter 5
Treatment of Adult B- and T-Cell Acute 
Lymphoblastic Leukemia: An Overview 
of Current Treatments and Novel Advances

Shimoli V. Barot and Anjali S. Advani

�Clinical Case I

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

�Risk Stratification

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

AdultsChildren & adolescents

High risk

High risk

Intermediate risk

Intermediate riskGood risk

Good risk

high hyperdiploidy

high hyperdiploidy

t(12;21)/ETV6-RUNX1

t(12;21)/ETV6-RUNX1

t(1;19)/TCF3-PBX1

t(1;19)/TCF3-PBX1

t(9;22)/BCR-ABL1

t(9;22)/BCR-ABL1

t(17;19)/TCF3-HLF

IGH translocations

IGH translocations

MLL translocations

MLL translocations

B-other ALL

B-other ALL

iAMP21

iAMP21

low hypodiploidy

low hypodiploidy

near haploidy complex karyotype

Fig. 5.1  Recurrent cytogenetic and molecular abnormalities in ALL. (Used with permission: 
Moorman [140])
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In 2009, a new subtype of ALL called Ph-like or BCR/ABL1-like ALL was iden-
tified which expresses a genomic signature reminiscent of BCR/ABL1 in the absence 
of the BCR/ABL1 fusion [12–14]. Ph-like ALL is detected in about 10% of children, 
25% of AYAs, and 20–30% of adults. It is associated with poor chemotherapy 
response, high MRD, and significantly inferior outcomes [15–19]. Ninety-one per-
cent of these patients harbor genetic alterations activating tyrosine kinase signaling. 
CRLF2 rearrangements occur in up to 60% of adolescents and adults. ABL-class 
fusions are present in approximately 10–15% of children and adults. Other altera-
tions include JAK2 or EPOR rearrangements and mutations activating JAK-STAT or 
Ras signaling pathways [20]. Utilization of early HSCT, mAbs, and targeted thera-
pies with kinase inhibitors is currently under investigation for Ph-like ALL and is 
discussed in a separate chapter.

�Clinical Case I (Continued)

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

�Treatment

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

•	 Induction phase
•	 Consolidation phase

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

Risk groups Cytogenetic abnormalities Clinical significance Frequency

Good risk Hyperdiploidy (>50 
chromosomes)

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

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

25% in children; 0–4% 
in adults

Intermediate 
risk

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

1–6% in children; 
1–3% in adults

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

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

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

Hypodiploidy (<44 
chromosomes)

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

�Induction Chemotherapy

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

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

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

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

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

Some of the commonly used regimens combining these drugs are:

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

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

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

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

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

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

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

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

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

�Central Nervous System Prophylaxis and/or Treatment

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

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

Table 5.2  Commonly used regimens in adult ALL

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

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

�Addition of Monoclonal Antibodies for CD20+ ALL

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

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

�Clinical Case I (Continued)

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

�Minimal Residual Disease

With any of the above induction regimens, about 85–90% of newly diagnosed adults 
will achieve CR. However, patients in initial clinical and morphologic CR can have 
persistent leukemia cells below the detection limits of conventional cytomorphologic 
testing. This is defined as minimal residual disease. A study on molecular MRD 
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analysis carried out by the German Multicenter Study Group for Adult ALL 
(GMALL) on 580 patients demonstrated that the molecular response to standard 
induction and consolidation treatment was the only significant prognostic factor for 
remission duration and survival in both standard-risk and high-risk groups [56]. 
These data have been confirmed by other groups, regardless of the cutoff values, 
MRD technique, timing of MRD analysis, and target patient population [57, 58]. 
The three most widely used techniques are RT-PCR, MFC, and next-generation 
sequencing (NGS). EuroFlow-based next-generation flow cytometry and high-
throughput sequencing of Ig/TCR are also used [59]. The clonoSEQ assay is an 
in vitro diagnostic that uses multiplex PCR and NGS to identify and quantify certain 
gene sequences in DNA extracted from the bone marrow of ALL patients. It is 
capable of detecting MRD at levels below 1 in one million cells and received FDA 
approval in September 2018 [60]. Although the timing of MRD assessment in adult 
ALL varies in different studies, it is commonly accepted that the initial measurement 
should be performed upon completion of induction therapy. Thereafter, ongoing 
MRD monitoring is extremely important since the presence of MRD >10−4 is 
consistently predictive of subsequent hematologic relapse at every stage of the 
disease as seen in the GMALL studies [61]. MRD is now widely accepted and is 
regarded today as the most important prognostic factor in the management of 
childhood and adult ALL. It is further discussed in a separate chapter.

�Consolidation/Intensification Chemotherapy

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

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

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

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

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

�Maintenance Chemotherapy

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

�Clinical Case I (Continued)

She relapses 2.5  years from diagnosis and after receiving maintenance therapy. 
CBC is as follows: WBC 12  ×  109/L, hemoglobin 6.6  g/dL, and platelets 
15 × 109/L. Her bone marrow is completely replaced with lymphoblasts with the 
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original immunophenotype. She is treated with blinatumomab and achieves a 
second remission. Thereafter, she undergoes HSCT from her sibling donor.

�Relapsed/Refractory Disease

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

�Liposomal Vincristine

Vincristine sulfate liposome injection (VSLI) encapsulates vincristine in a sphingo-
myelin/cholesterol envelope for targeted delivery, increased efficacy, and lower 
neurotoxicity. In August 2012, VSLI received FDA approval for relapsed/refractory 
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ALL based on a phase II trial in which overall response rate (ORR) with VSLI 
monotherapy was 35% and 20% of the patients achieved a CR/complete response 
with incomplete hematologic recovery (CRi). Nineteen percent of the complete 
responders were successfully bridged to HSCT [67].

�Clofarabine

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

�Blinatumomab

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

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

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

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

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

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

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

�CAR-T (Tisagenlecleucel)

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

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

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

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

�Venetoclax/Navitoclax

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

�Clinical Case II

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

�Approach to a Young Adult

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

�Risk Stratification

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

�Clinical Case II (Continued)

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

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

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

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

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

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

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

Country Adult regimen EFS Pediatric regimen EFS Reference

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

Table 5.3b  Pediatric regimens for adolescent and young adults

Country Regimen EFS/DFS Reference

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

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

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

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

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

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

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

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

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

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

�Hematopoietic Stem Cell Transplant

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

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

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

�Psychosocial Support

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

�Clinical Case III

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

�Risk Stratification

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

�Upfront Treatment

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

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

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

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

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

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

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

�Investigational Agents

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

�Conclusion

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