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Abstract
Conventional cytotoxic chemotherapy used to treat acute lymphoblastic leukemia (ALL) results in high
cure rates in pediatric patients but is suboptimal in the treatment of adult patients. The 5-year overall
survival is approximately 90% in children and 30% to 40% in adults and elderly patients. Adults with
ALL tend to have higher risk factors at diagnosis, more comorbidities, and increasing age that often
requires dose reductions. Major advancements have been made in redeﬁning the pathologic classiﬁcation of ALL, identifying new cytogenetic-molecular abnormalities, and developing novel targeted
agents in order to improve survival. The addition of new monoclonal antibodies and tyrosine kinase
inhibitors to conventional chemotherapy in the frontline setting has resulted in increased rates of
complete remission and overall survival. These new developments are changing the treatment of adult
ALL from a “one therapy ﬁts all” approach to individualized treatment based on patient’s cytogenetic
and molecular proﬁle.
ª 2016 Mayo Foundation for Medical Education and Research

A

cute lymphoblastic leukemia (ALL) is
a hematologic malignancy propagated by impaired differentiation,
proliferation, and accumulation of lymphoid
progenitor cells in the bone marrow and/or
extramedullary sites. Although ALL occurs
predominantly in children, it is adult ALL
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that is more challenging to treat. Treatment
of adult ALL is largely modeled after the
multiagent chemotherapy regimen utilized in
pediatric ALL designed 5 decades ago. This
regimen consists of induction, consolidation,
and maintenance therapy and central nervous
system (CNS) prophylaxis that has produced a
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cure rate of 90% and 60% in children and
adolescents, respectively.1,2 Unfortunately,
the treatment success of pediatric ALL has
not been mimicked in adult ALL. Despite
high rates of complete remission (CR) (80%90%) in adult ALL, the cure rates are only
40% to 50% because of relapses.3-5 The 5year overall survival (OS) is approximately
90% in children and 30% to 40% in adults
and elderly patients.4 This problem may be
attributed to adults harboring higher-risk features at diagnosis, increased comorbidities,
and the development of chemotherapy resistance after relapse. The need for improvement
in adult ALL outcomes has led to major advancements in drug development, reassessment of risk stratiﬁcation, and better
knowledge of disease pathogenesis. The incorporation of targeted therapies in the frontline
and salvage settings has improved survival
compared with that of conventional chemotherapy in adult ALL. However, the goal is to
further optimize treatment regimens so it can
one day be revered as a success story similar
to pediatric ALL.
EPIDEMIOLOGY AND ETIOLOGY
ALL has a bimodal distribution with the ﬁrst
peak occurring in individuals around 5 years
of age and the second peak at around 50 years
of age. It is mainly considered a pediatric leukemia with 80% of cases occurring in children
and 20% occurring in adults.4-7 The median
age at diagnosis is 14 years, and approximately
60% of patients are diagnosed at younger than
20 years of age, 25% at around 45 years of age,
and 11% at around 65 years of age.8 ALL is
relatively uncommon during late childhood,
adolescence, and young adulthood. According
to the Surveillance, Epidemiology, and End
Results program database, the estimated
annual incidence in the United States was
approximately 6590 new cases and 1430
deaths in 2016.9 The age-adjusted incidence
rate in the United States is 1.7 per 100,000
men and women per year.
The etiology of ALL is largely unknown.
Less than 5% of cases can be attributed to
genetic syndromes such as Down syndrome,
Klinefelter syndrome, Fanconi anemia, Bloom
syndrome, ataxia-telangiectasia, and Nijmegen
breakdown syndrome.10-16 Other risk factors
include increasing age (>70 years) and
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exposure to radiation. There has also been
an association between Epstein-Barr virus in
mature B-cell ALL, human T-lymphotropic
virus type 1 in adult T-cell leukemia/lymphoma, and human immunodeﬁciency virus
in lymphoproliferative disorders.17,18 The fetal
environment is thought to play a vital role in
the development of pediatric ALL.19 The
hypothesis is that as cells proliferate during
fetal development, random alterations occur
creating a preleukemic clone. As exposure to
the pathogen increases during early childhood, there is an increase in lymphoid proliferation leading to ALL.
CLINICAL PRESENTATION AND
LABORATORY ABNORMALITIES
The clinical presentation of ALL is nonspeciﬁc,
and thus, patients can present with an array of
ailments such as “B symptoms” (ie, fever,
unexpected weight loss, night sweats), infection, easy bruising/bleeding, dyspnea, and
fatigue due to low blood cell counts.8 Patients
may exhibit petechiae, pallor, and ecchymosis
on physical examination, but children may
present with only joint pain.19
Approximately 20% of patients will have
leukemic inﬁltration in the spleen and/or
liver leading to splenomegaly and/or hepatomegaly.8 Other extramedullary presentations
can occur in the testis, skin, or mediastinum
(speciﬁcally in T-cell ALL).19,20 Patients with
mature B-cell ALL (Burkitt leukemia) may
present with an abdominal mass and spontaneous tumor lysis syndrome due to high
disease burden. The CNS is one of the sanctuary sites of ALL, and approximately 5% to
8% of patients initially present with CNS
involvement such as cranial neuropathies
and meningeal inﬁltration.2,4,19 Patients
with Burkitt-like ALL may experience chin
numbness as a result of cranial nerve
involvement.19,20
DIAGNOSTIC EVALUATION
The diagnosis of ALL requires the presence of
20% or more lymphoblasts in the bone
marrow.8 Further assessment by ﬂow cytometry, morphological studies, immunophenotyping, and cytogenetic testing is important.
Historically, the diagnosis of ALL was based
on the French-American-British morphological criteria that described 3 subtypes of
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ALL (L1, L2, and L3) based on cell size,
cytoplasm, nucleoli vacuolation, and basophilia.21 Because of this system’s lack of
prognostic value, a classiﬁcation based on
immunophenotypic characteristics of ALL
blasts was proposed in 1995.22 In 2008, the
World Health Organization proposed a
composite classiﬁcation based on the
combined cytogenetic and immunophenotypic characteristics of the blasts.23-25 In the
2016 revision, ALL is classiﬁed into B-lymphoblastic and T-lymphoblastic categories with 2
new provisional genetic entities added
(B-ALL with intrachromosomal ampliﬁcation
of chromosome 21 and B-ALL with translocations involving tyrosine kinases or cytokine
receptors [“BCR-ABL1- like ALL”] [for expansion of gene symbols, see www.genenames.
org]).26 B-cell ALL comprises approximately
90% of cases in children and 75% in adults
while T-cell ALL comprises the remaining
cases.24-26
B-cell ALL blasts are almost always positive for CD19, cytoplasmic CD79a, and
cytoplasmic CD22.24-26 The B-cell lymphoblasts are positive for CD10, surface CD22,
PAX5, and TdT in most cases, while CD20
and CD34 expressions are variable; CD45
may be absent. The degree of differentiation
of B-lineage lymphoblasts has clinical and
genetic correlates. In the earliest stage (early
precursor B-cell ALL), the blasts express
CD19, cytoplasmic CD79a, cytoplasmic
CD22, and nuclear TdT but are negative
for CD10. In the intermediate stage, the
blasts express CD10. In mature precursor
B-cell ALL or preeB-cell ALL, the blasts express cytoplasmic m chains, CD10, CD19,
CD79a, CD22, and CD20 in 45% of the
cases, but rarely surface light chains. The
leukemic variant of Burkitt lymphoma is
now regarded as a mature B-cell neoplasm
with membrane IgM and light chain expression with other genetic ﬁndings. The
leukemic variant also has a high frequency
of CD20 expression (>80%).24-28
T-cell ALL is known for its CD3 positivity and variable expression of CD2, CD5,
CD1a, CD7, CD52, and TdT.29,30 This lineage is also divided into 3 subgroups: early
thymic precursor T-cell ALL (ETP-ALL)
(w20%), cortical/thymic ALL (w50%60%), and medullary/mature ALL (w20%).
Mayo Clin Proc. n November 2016;91(11):1645-1666
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Early thymic precursor T-cell ALL accounts
for only 2% of cases of ALL, but outcome
is relatively poor even with treatment.
Patients with ETP-ALL are positive for CD7
and negative for CD1a and CD8. They
have weak expression of CD5 and have at
least one myeloid or stem cell marker
(C12, CD11b, CD34, CD117, CD33,
CD65, HLA-DR).8,26 Gene mutations such
as IDH1, IDH2, DNMT3A, NRAS/KRAS, and
FLT3 commonly occur with ETP-ALL.
Cytogenetic analysis is important in characterizing individual prognostic subsets and
providing an insight into the molecular events
causing leukemia (Table 1).4,31-34 The
disparity in outcomes of children and adults
with ALL is partially due to the incidence of
favorable and unfavorable karyotypes. Most
recently, use of molecular studies such as
microarray proﬁling, DNA copy number analysis, and next-generation sequencing has
helped unmask several new mutations in
ALL that may lead to aberrant pathway activation and cell survival.35,36

TABLE 1. Molecular and Cytogenetic Abnormalities in ALLa
Type
Hyperdiploid
Hypodiploid
Ph-positive
Others

Cytogenetic
abnormality

Frequency in
adults (%)

Genes involved

NA
NA
t(9;22)(q34;q11)
del(11)(q22-23)
t(17;19)
t(4;11), t(9;11)
t(7;9)(q34;q32)
del(9)(q21-22)
del(13)(q14)
t(1;19)
t(1;14)(p32;q11)
t(12;21)(p12;q22)
t(10;14)(q24;q11)
t(5;14)(q35;q32)
del(6q), t(6;12)
+8
t(8;14), t(8;22)
del(5q)
del(7p)

2-15
5-10
15-25
25-30b
<5
5-10
<1
6-30
<5
<5
10-15d
<1c
5-10
1
5
10-12
5
<2
5-10

BCR-ABL1
NA
BCR-ABL1
ATM
E2A-HLF
MLL
TAL2
p15, p16
miR15, miR16
E2A-PBX1
TAL1
TEL-AML1
HOX11
HOX11L2
NA
NA
C-MYC
NA
NA

Data from references.4,31-34
ALL ¼ acute lymphoblastic leukemia; NA ¼ not applicable; Ph ¼ Philadelphia chromosome. For
expansion of gene symbols, see www.genenames.org.
b
Determined by loss of heterozygosity.
c
Measured by polymerase chain reaction.
d
Incidence is <10% in T-cell ALL.

a

http://dx.doi.org/10.1016/j.mayocp.2016.09.010
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Because most ALL studies have been performed in pediatric patients, there is a scarcity
of reported genomic data for adults. Philadelphia chromosome (Ph)elike ALL is a recently
described entity with a poor prognosis. It occurs in approximately 10% of children and
up to 30% of young adults with ALL.36,37 It
has a genetic proﬁle similar to BCR-ABL1
ALL without the expressed fusion protein
t(9;22) (q34;q11.2).37,38 In 80% of cases, patients have deletions of crucial transcription
factors (IKZF1, early B-cell factor, paired box
5, VPREB1, and transcription factor 3)
intrinsic to B-cell hematopoiesis.39 Kinase activating alterations are seen in 90% of patients
with Ph-like ALL. Some of the genetic rearrangements seen in Ph-like ALL involve
ABL1 and ABL2, colony-stimulating factor 1
receptor, CRLF2, erythropoietin receptor,
JAK2, PDGFB, TSLP, or tyrosine kinase 2.
Other sequence mutations involved include
FLT3, interleukin 7 receptor, or SH2B3. Rearrangements of the CRLF2 gene constitute
50% of mutations, leading to an overexpression of its protein and subsequent downstream signaling through JAK kinases.40-43 A
list of newer genetic determinants is presented
in Table 2.

In addition to Ph-like ALL, ETPALL, minimal residual disease (MRD) positivity,
IKZF1 mutation, translocation (4;11), hypodiploidy, increasing age, and complex karyotype
(5 chromosome abnormalities) are also associated with poor prognosis.
TREATMENT
The structure of adult ALL treatment is similar
to that for pediatric ALL; the chemotherapy
consists of induction, consolidation, and
long-term maintenance therapy along with
CNS prophylaxis interwoven during the ﬁrst
year of treatment. The purpose of this multidrug treatment approach is to eradicate the
disease and restore normal hematopoiesis,
provide prophylaxis to “sanctuary sites,” and
prevent an upsurge of resistant clones that
may lead to relapse.19
Induction Therapy
The goal of induction therapy is to induce CR
by eradicating leukemic cells in the bone
marrow. Drugs like vincristine, anthracycline
(eg, daunorubicin or doxorubicin), corticosteroids (eg, prednisone or dexamethasone),
with or without L-asparaginase and/or

TABLE 2. Genetic Determinants in ALLa
Type of ALL

Cytogenetic abnormality

Protein

Genes involved

NA

NA

RAS/PTEN, FBW7, PICALM-MLLT10, NUP214-ABL1
fusion, MLL, SET-NUP214 fusion, PTPN2, NOTCH1,
BCL11B, JAK1,PHF6, IL7R, EML-ABL1

Near-hypodiploid

NA

FLT3, NF1, KRAS, and NRAS

Poor outcomes with
RAS/PTEN and JAK1
Favorable outcomes with
FBW7 (w20%) and/or
NOTCH1 (>60%)
Occurs in 70% of cases

Ph-like

NA

NUP214-ABL1, in-frame fusions of EBF1-PDGFRB
IKZF1 deletions, BCR-JAK2 or STRN3-JAK2,
rearrangements/mutations in CRLF2, cryptic
IGH-EPOR rearrangements IGH-CRLF2

Occurs in 15% of cases.
Utilization of TKIs and/or
JAK2 inhibitors and mTOR
is possible

TP53 mutations, CREBBP, NT5C2 mutations

Occurs in 6% of cases

IKZF1

Outcome is poor.
Occurs in approximately
80% of Ph+ cases

TP53 disruptions, IKZF2, CDKN2A/B locus deletion

Occurs in 91% of cases

T cell

B cell

Hyperdiploid
Positive BCR/ABL (Ph+)

Low-hypodiploid

NT5C2
Ikaros

NA

Comments

4,40-43

Data from references.
a
ALL ¼ acute lymphoblastic leukemia; NA ¼ not applicable; Ph+ ¼ Philadelphia chromosomeepositive. For expansion of gene symbols, see www.genenames.org.
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cyclophosphamide are highly active in ALL
and are the backbone of most induction regimens. Some randomized clinical trials have
found that dexamethasone signiﬁcantly reduces the risk of isolated CNS relapse and improves event-free survival (EFS) in comparison
to prednisone because dexamethasone is able
to achieve higher drug concentrations in the
cerebrospinal ﬂuid than prednisone.44,45
However, toxicities such as myopathy, neuropsychiatric adverse events (AEs), and an
increased risk of mortality reported with dexamethasone must be noted. Because data on OS
with dexamethasone in comparison to prednisone is lacking, the superiority of one corticosteroid over the other has not been
established.
There are several ALL induction regimens
that are largely based on the same fundamental drugs with differences in 1 or 2 drugs
and their administration schedule. Some
notable regimens such as the Berlin-Frankfurt-Münster (BFM)/Children’s Oncology
Group and Cancer and Leukemia Group B
protocols differ only by the addition of cyclophosphamide. The addition of L-asparaginase
in pediatric and adolescent and young adult
(AYA) ALL regimens has led to improved outcomes. Conversely, in adult ALL, asparaginase
has been identiﬁed as too toxic and is believed
to have contributed to poorer outcomes. In
the UKALL14, a randomized trial, 91 adults
(median age, 47 years; range, 25-65 years),
were treated with pegylated (peg) asparaginase
1000 IU/m2 intravenously (IV), on days 4 and
18 during induction.46 Although the CR was
66%, there was a high rate of induction mortality (19.8%) and hepatotoxicity (55.6%)
among the adult population. Because the
risk outweighed the beneﬁt, peg-asparaginase
was omitted in patients 40 years of age or
older.
Hyperfractionated
cyclophosphamide,
vincristine, doxorubicin, and dexamethasone
(HCVAD) is one of the most widely used adult
ALL treatment regimens. It consists of 8 alternating treatment cycles labeled as “A” and “B.”
Part A of the regimen contains hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone.2,47,48 Part B
contains high-dose methotrexate and cytarabine. For CNS prophylaxis, intrathecal (IT)
chemotherapy is given twice during each cycle
Mayo Clin Proc. n November 2016;91(11):1645-1666
www.mayoclinicproceedings.org
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for at least 4 cycles. Cranial radiation is an
alternative option for those who present with
CNS leukemia at diagnosis. Hematopoietic
growth factors (eg, granulocyte colonystimulating factor) are given after each cycle
to hasten bone marrow recovery in order to
retain dose intensity and prevent any delay
in therapy. This regimen yields a 5-year CR
duration (CRD) of 53% and OS of 60%.49
The CR rate is 100% with a median followup of 88 months. Patients younger than
40 years of age are reported to have a higher
5-year OS than patients older than 60 years
of age (51% and 17%, respectively). Patients
who achieve CR after ﬁrst induction (CR1)
receive consolidation chemotherapy or allogeneic hematopoietic stem cell transplant
(alloSCT) based on risk stratiﬁcation and the
feasibility of obtaining a donor.
Consolidation Therapy. The purpose of
consolidation therapy is to eliminate any residual leukemic cells remaining after induction
therapy. The drugs utilized are often similar
to those used in the induction phase and
vary according to the treatment regimen
selected and the patient population being
treated. For instance, L-asparaginase and 6mercaptopurine may be incorporated in the
treatment of children with ALL. Consolidation
therapy is followed by a prolonged maintenance phase.
Maintenance Therapy. The intent of maintenance therapy is to prevent relapse and prolong remission. This phase consists of daily
6-mercaptopurine, weekly methotrexate,
monthly vincristine, and monthly pulses of
prednisone (POMP) administered for a period
of 2 to 3 years, beyond which it has not had
any beneﬁt.19,50-52 This regimen is referred to
as “DOMP” if dexamethasone is substituted for
prednisone. The omission or reduction of the
maintenance phase is associated with worse
outcomes except in patients with mature B-cell
ALL (eg, non-Hodgkin lymphoma, Burkitt
lymphoma). Patients with mature B-cell ALL
have early long-term remissions, and relapse
after 1 year is rare; thus, maintenance therapy
is not necessary.53 Historically, patients with
Ph-positive ALL who were in CR1 and had an
available donor underwent alloSCT instead of
receiving maintenance therapy. However, with
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the incorporation of tyrosine kinase inhibitors
(TKIs) in the maintenance phase of Ph-positive
ALL treatment, alloSCT has become an option
instead of a necessity.

headache, nausea, and neurologic dysfunction due to the site of disease and cumulative
toxicity from treatment.

Central Nervous System Prophylaxis. The
CNS is one of the sanctuary sites of ALL,
and thus, CNS prophylaxis is embedded in
the treatment regimens to prevent CNS disease
and/or CNS relapse. Primary CNS involvement at diagnosis is rare (<10%) but may be
as high as 75% after a year without prophylaxis.2,47 High-dose methotrexate and cytarabine also penetrate the CNS, but they are
unable to eradicate all leukemic cells in the
brain. Therefore, IT chemotherapy must be
given. The addition of IT methotrexate and
cytarabine reduces the incidence of CNS
relapse by 4%. Standard-risk patients receive a
total of 8 IT chemotherapy doses, while highrisk patients such as those with Ph-positive
ALL and Burkitt lymphoma receive 12 and
16 doses, respectively.2 Treatment with craniospinal radiation is a less favorable option
because it leads to neurologic and cognitive
dysfunction as well as secondary cancer. St.
Jude Children’s Research Hospital conducted a
study on secondary malignant brain neoplasms after treatment of childhood ALL.54
With a median follow-up of 16 years, 21 patients had development of brain tumors of
various types. The risk factors for development of secondary brain tumors were dosedependent cranial irradiation, cumulative
radiation therapy, and CNS involvement at
diagnosis, highlighting the limitations of cranial radiation especially with increasing
cumulative doses.
The diagnosis of CNS disease requires the
presence of more than 5 white blood cells per
microliter in the cerebrospinal ﬂuid with
those cells being identiﬁed as lymphoblasts
in the CNS differential diagnosis.55 Outcomes
of CNS disease in adults, especially CNS
relapse, are poor and treatment is challenging. The median OS is 6 months, and
cure is often restricted to patients who undergo alloSCT. Central nervous systemedirected treatment with craniospinal radiation,
triple IT chemotherapy (methotrexate, cytarabine, and a corticosteroid), thiotepa, and
liposomal cytarabine can be used. These patients often have leukoencephalopathy,

Stem Cell Transplant
Historically, high-risk patients were deﬁned
as those with Ph-positive ALL, high white
blood cell count (>30  109/L for B-cell
ALL or 100  109/L for T-cell ALL),
mixed-lineage leukemia gene [eg, t(4;11)],
and hypodiploidy.4,56 These patients would
receive an alloSCT in place of consolidation
therapy once they achieved CR1. Recently,
Ph-like ALL and ETP-ALL have been found
to have poor outcomes, and therefore, patients with either diagnosis are considered
to be in the high-risk category.35 In addition, a new risk-adapted approach that considers the patient’s risk status over time has
been incorporated. This approach helps
identify patients who would beneﬁt most
from a transplant.
The emergence of MRD as a prognostic
marker has redeﬁned risk stratiﬁcation in
ALL across all age groups, serving as a
crucial factor in determining outcomes of
alloSCT. Bassan et al measured MRD status
at various time points after achieving CR to
determine optimal treatment strategies in
adult ALL.57 If patients had MRD positive
disease despite being in CR at the end of
the consolidation phase, they were restratiﬁed as high-risk and received alloSCT
instead of maintenance therapy. The maintenance phase was reserved for patients
without MRD positive disease, and such patients were found to have signiﬁcantly
higher 5-year OS than those with MRD positivity (75% vs 33%, respectively; P¼.001).
Minimal residual disease was also a signiﬁcant prognostic marker in the relapse setting
(hazard ratio [HR], 5.22). Furthermore,
Dhédin et al found that patients with poor
MRD response after induction therapy had
longer relapse-free survival (RFS) after an
alloSCT.58 Conversely, outcomes did not
differ between standard chemotherapy alone
and alloSCT among high-risk patients with
MRD. These ﬁndings highlight the importance of utilizing MRD response as a criterion for selecting patients who may beneﬁt
the most from a transplant.
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Minimal Residual Disease
The presence of MRD after induction therapy
is an independent marker of poor prognosis
signifying
chemotherapy-refractory
disease.57-64 The time from treatment initiation
to relapse is approximately 8 months despite
continued chemotherapy.59 Of note, MRD is
assessed by multiparameter ﬂow cytometry
(FCM) in the United States and by polymerase chain reaction in Europe.
Gökbuget et al studied the signiﬁcance of
an alloSCT in 120 patients with MRD after
ﬁrst consolidation (week 16).59 Patients with
MRD who received alloSCT had a signiﬁcantly
higher 5-year continuous CR than patients
with MRD who did not receive an alloSCT after CR1 (66% vs 12%, respectively; P<.0001).
The disease-free survival (DFS) rates were
similar in both groups.
The PETHEMA ALL-AR-03 (Programa
Español de Tratamientos en Hematología
Treatment of High Risk Adult Acute Lymphoblastic Leukemia) trial conducted a multivariate analysis of 326 adolescents and adults
with high-risk Ph-negative ALL.60 This study
found that poor MRD clearance, deﬁned as
1  103 blasts or more after induction therapy and 5  104 blasts or more after consolidation therapy identiﬁed by FCM, was the
only signiﬁcant prognostic marker for DFS
and OS. Identiﬁcation of MRD also serves as
a therapeutic target for newer monoclonal antibodies and chimeric antigen receptore
modiﬁed T cells (CAR-Ts).

Frontline Therapy
Treatment of Adult and AYA Patients. Retrospective studies have found that pediatric
ALL treatment regimens are superior to adult
regimens (except HCVAD) in treating AYA patients (aged 15-39 years).65 Some pediatric
regimens can be effective in adults (40
years), but CRs are not as high. Pediatric
regimens are based on intensive and nonmyelosuppressive agents such as vincristine,
peg-asparaginase, and dexamethasone.
In the US Intergroup study, 318 AYA patients (aged 17-39 years; median age, 24 years)
were treated with a pediatric-inspired regimen
(Children’s Oncology Group AALL0232).66
With a median follow-up of 28 months, the
2-year EFS and OS were 66% and 78%,
Mayo Clin Proc. n November 2016;91(11):1645-1666
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respectively. Of note, patients with Ph-like
ALL (28%) had lower 2-year EFS rates
compared with those without the Ph-like
signature (52% vs 81%; P¼.04).
The Group for Research on Adult Acute
Lymphoblastic Leukemia (GRAALL) studied
225 patients up to 60 years of age who were
treated with a pediatric-inspired regimen and
compared them with a historical control group
of 712 adults treated with an adult regimen
(Leucémie Aigüe Lymphoblastique de l’Adulte
[LALA-94]).67 They found a statistically significant improvement in the study group for CR
(93.5%), EFS (55%), and OS (60%). 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, indicating that
pediatric-type regimens in adult ALL may
marginally improve cure rates at the expense
of potentially deadly toxicities.
Recently, DeAngleo et al conducted a
phase 2 study utilizing a pediatric regimen
(Dana-Farber Cancer Institute Childhood
ALL Consortium Protocol 05-01) with doseintensiﬁed peg-asparaginase in adults (aged
18-50 years) with ALL.68,69 Initially, Escherichia coliederived asparaginase was utilized
during the induction and consolidation
phases, but several patients had development
of hyperbilirubinemia. Subsequently, the
study was amended, and the dose of pegasparaginase was reduced to 2000 IU/m2 given
every 3 weeks during consolidation therapy.
With a median follow-up of 42 months, 90
of 110 patients achieved CR and the 3-year
DFS and OS rates were 73% and 75%, respectively. The most notable AEs were allergic reactions (n¼14), osteonecrosis (n¼12),
thrombosis/embolism (n¼13), grade 3 to 4
neutropenic infections (n¼32), and pancreatitis occurring in 4 patients after induction
therapy. Similar to other studies, older patients did poorly, thus limiting the use of
peg-asparaginase to younger patients.
The MD Anderson Cancer Center
(MDACC) conducted a study spanning over
8 years (2006-2014) involving 106 AYA
patients (median age, 22 years) treated with
a pediatric regimen (augmented BFM) and
compared the results with those from 102
AYA patients (median age, 27 years) treated
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with HCVAD with or without rituximab.49
The outcomes were similar in both groups,
with CR rates of 93% in the augmented BFM
group and 98% in the HCVAD group. The
5-year CRD rates (w50%) and OS (60%)
were similar in both groups. Because of the inclusion of peg-asparaginase, the augmented
BFM regimen had a signiﬁcantly higher incidence of AEs such as hypoﬁbrinogenemia,
pancreatitis, severe allergies, thrombosis, and
elevated liver enzyme levels. Conversely, myelosuppression was commonly seen with
HCVAD. This study proves that AYA patients
can be treated with an adult regimen such as
HCVAD and have outcomes similar to those
of a pediatric regimen.
Treatment of Elderly Patients. Elderly
patients with ALL (60 years of age) have a
high rate of induction mortality (42%) with
standard chemotherapeutic regimens.70,71
Approximately one-third die of chemotherapyrelated complications or relapse after achieving
CR.71 The median survival is 15 months, and
only 20% are alive at 3 years, primarily due to
poor tolerance of intensive chemotherapy
requiring dose reductions that directly lead to
ineffective drug delivery. Therefore, reducing
the intensity of chemotherapy while preserving
efﬁcacy may improve outcomes in elderly patients with ALL. In the prospective GMALL
(German Multicenter Study Group for Adult
ALL) study, 268 elderly patients were treated
with BFM.72 The CR and 5-year OS rates were
76% and 23%, respectively; however, the early
death rate was 14% and the mortality rate for
patients with CR was 6%. Patients younger than
75 years who had a good performance status
fared better, with a higher CR rate (86%), lower
early death rate (10%), and 3-year survival rate
of 36%.
Inotuzumab ozogamicin is a humanized
monoclonal antibody targeting CD22expressing cells. This monoclonal antibody is
covalently linked to calicheamicin, which is a
cytotoxin that causes breakage in doublestranded DNA.73 In a phase 2 study, 34
patients with newly diagnosed Ph-negative
ALL were treated with inotuzumab plus
mini-HCVD, a low-intensity chemotherapy
(hyperfractionated cyclophosphamide and
dexamethasone at 50% dose reduction,
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vincristine no anthracycline, 75% dose reduction of methotrexate, and 83% dose reduction
of cytarabine).73 Inotuzumab was administered during the ﬁrst 4 courses of miniHVCD, one dose of 1.3 mg/m2 during course
1 followed by 1 mg/m2 once during courses 2,
3, and 4. The median age was 69 years (range,
60-79 years), and median follow-up was 23
months. The objective response rate was
97% (CR rate of 80%). All patients in CR
also achieved negative MRD status. The
2-year CRD and OS rates were 81% and
64%, respectively. Furthermore, the 2-year
survival rates were higher with mini-HCVD
plus inotuzumab than historical rituximab
with or without HCVAD (70% vs 38%,
respectively). Veno-occlusive disease (VOD)
was observed in 11% of patients, and other
notable grade 3 to 4 toxicities included hyperbilirubinemia (24%), liver function test result
elevation (21%), prolonged thrombocytopenia
(79%), and infection during induction and
consolidation therapy (52% vs 73%). Overall,
this study documented the superiority of inotuzumab plus mini-HCVD over standard
rituximab with or without HCVAD as a frontline treatment of ALL in elderly patients.
Treatment of Mature B-Cell and Burkitt
ALL. Approximately 80% of patients with
mature B-cell ALL express CD20, which previously was associated with a poor prognosis.
Rituximab is a chimeric human/mouse monoclonal antibody speciﬁc to CD20. It was
initially evaluated in lymphoid malignancies
such as non-Hodgkin lymphoma and then
subsequently in chronic lymphocytic leukemia
and ALL.74 The addition of rituximab to
standard chemotherapy in non-Hodgkin lymphoma has yielded OS rates greater than 20%,
and in chronic lymphocytic leukemia, it has
improved 3-year OS from 83% to 87%
(P¼.012).75 In a phase 2 study, the addition of
rituximab to HCVAD in mature B-cell ALL
signiﬁcantly improved 3-year survival from
53% to 89%.76 Hoelzer et al conducted one of
the largest multicenter prospective trials in
adult patients with Burkitt lymphoma/leukemia and found beneﬁts of adding rituximab to
induction therapy.77 Rituximab was given at
375 mg/m2 before each cycle and 2 times in
the maintenance phase for a total of 8 doses.
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The addition of rituximab signiﬁcantly
improved CR, 5-year progression-free survival
(PFS), and OS rates (88%, 71%, and 80%,
respectively). Age was a predictive factor for
outcome; the 5-year survival rates for adolescents, adults, and elderly patients were 90%,
84%, and 62%, respectively.
In the GRAALL-Lysa study, Ribrag et al
compared chemotherapy alone to chemotherapy plus rituximab.78 Rituximab was
administered twice during the ﬁrst 2 courses
on day 1 and day 6 for a total of 4 doses.
The 3-year EFS (75% vs 62%; P¼.024) and
OS (83% vs 70%; P¼.001) rates with rituximab plus chemotherapy were signiﬁcantly better than chemotherapy alone without
increasing the incidence of AEs.
Rituximab was also evaluated in combination with low-intensity chemotherapy. A pilot
study was conducted to assess the efﬁcacy of
rituximab in combination with etoposide,
prednisone, vincristine, cyclophosphamide,
and doxorubicin in adult patients with Burkitt
lymphoma.79 Patients mainly had low- to
intermediate-risk disease, and the combination
was well tolerated and highly effective. The
freedom from progression and OS rates were
both greater than 90%. This combination is
currently being studied in mature B-cell ALL.
Treatment of Precursor B-Cell ALL
Rituximab. Approximately 30% to 50% of
precursor lymphoblasts express CD20
antigen.28 Thomas et al evaluated the addition of rituximab to modiﬁed HCVAD in
preeB-cell ALL.80 Rituximab was given for 2
doses during each of the ﬁrst 4 cycles of
intensive chemotherapy (total of 8 doses) and
then incorporated into late intensiﬁcation
cycles (months 6 and 18 of maintenance
therapy). The modiﬁcations made to HCVAD
included risk-adapted IT chemotherapy for
CNS prophylaxis, the maintenance phase was
prolonged by 6 months, and early anthracycline intensiﬁcation was administered. The
CR, 3-year CRD, and 3-year OS rates were
95%, 60%, and 50%, respectively. Patients
younger than 60 years had signiﬁcantly higher
3-year CRD and OS rates with rituximab plus
modiﬁed HCVAD (70% vs 38%, P<.001; and
75% vs 47%, P¼.003, respectively). The
GMALL also found an increase in survival and
5-year remission duration in patients younger
Mayo Clin Proc. n November 2016;91(11):1645-1666
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than 55 years when rituximab was added to
standard chemotherapy.81,82 The incidence of
MRD negativity improved with rituximab as
well.
Recently, the pivotal multicenter randomized trial GRAALL-R 2005 reported the beneﬁt
of rituximab in the treatment of CD20-positive
precursor B-cell ALL.83 Between 2006 and
2014, 220 patients from 56 centers were
randomized to intensive chemotherapy with
or without rituximab. Rituximab was administered at 375 mg/m2 IV for a total of 16 to 18
infusions. Patients with high-risk disease who
achieved CR1 and had an available donor
were offered alloSCT. With a median followup of 30 months, the chemotherapy plus
rituximab group had a signiﬁcantly higher
EFS rate (primary end point) than the group
that did not receive rituximab (65% vs 52%,
respectively; P¼.038). The OS rate was not
signiﬁcantly different (71% with rituximab vs
64% without; P¼.095). However, after
censoring for alloSCT, better OS was observed
in patients who received rituximab. Overall,
the combination treatment was well tolerated
and was associated with longer OS and EFS.
Ofatumumab. Ofatumumab is a secondgeneration anti-CD20 monoclonal antibody
currently approved for the management of
relapsed/refractory (R/R) chronic lymphocytic
leukemia.84 The binding site of ofatumumab is
distinctly different from that of rituximab.
Ofatumumab is also more potent than rituximab because of its stronger binding to B cells
with a slower dissociation rate. Furthermore,
ofatumumab has notable activity after rituximab exposure. In an ongoing phase 2 study,
48 patients with preeB-cell ALL and CD20
expression above 1% were treated with
HCVAD-ofatumumab.85 Ofatumumab, 2 g,
was administered on day 1 and day 11 during
the ﬁrst 4 courses of induction therapy and
during course 6 and 18 of intensiﬁcation
therapy. The CR was 98%, and the MRD
negativity rate was 93% (62% at CR). With a
median follow-up of 24 months, the 3-year
CRD and OS rates were 75% and 67%,
respectively. Overall, the treatment was well
tolerated.
Treatment of Ph-Positive ALL. The incidence of Ph-positive ALL increases with
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patient age. It occurs in approximately 2% to
5% of cases of childhood ALL and in 20% to
40% of cases in adult and elderly
patients.8,86,87 Historically, patients with Phpositive ALL had a poor prognosis, with 1year survival of approximately 10%; alloSCT
was the only hope for cure.87,88 The addition
of BCR-ABL1 TKIs to chemotherapy has substantially improved outcomes in these
patients.
Several studies have reported improved
outcomes with imatinib, a ﬁrst-generation
TKI, in combination with chemotherapy followed by alloSCT.89-94 Thomas et al ﬁrst studied imatinib plus HCVAD in patients with
newly diagnosed or minimally treated Phpositive ALL.91,92 Imatinib was administered
on days 1 through 14 during induction therapy and then continuously thereafter.92 Patients received either alloSCT following CR1
if feasible or maintenance therapy. The median
follow-up was 77 months, and the 3-year CRD
and OS rates were signiﬁcantly higher with
combination therapy than with HCVAD alone
(68% vs 24% and 54% vs 15%, respectively;
P<.001). Schultz et al studied the efﬁcacy of
imatinib in combination with intensive
chemotherapy in children and adolescents
with Ph-positive ALL.93 The toxicities were
then compared to Ph-negative ALL patients
who received intensive chemotherapy without
imatinib. Imatinib was administered at 340
mg/m2 per day, and the exposure and duration were increased with each cohort (cohort
5, n¼50). The results revealed that continuous
imatinib exposure led to signiﬁcantly higher
outcomes. The 3-year EFS rate was 80%
compared to the historical 3-year EFS rate of
35% (P<.0001). There were no added toxicities observed with imatinib, and in fact,
higher imatinib dosing led to better outcomes.
In effort to maintain efﬁcacy and reduce
the toxicity of intensive chemotherapy, Chalandon et al conducted a large study
(GRAAPH-2005) with high-dose imatinib
plus reduced-intensity chemotherapy.94 The
268 patients aged 18 to 59 years were
randomized to 2 treatment arms. In arm A, patients received high-dose imatinib (800 mg/d,
days 1-28) with weekly vincristine and dexamethasone, and in arm B, patients received
standard imatinib (800 mg/d, days 1-14)
with HCVAD. Both arms received similar
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consolidation regimens with a goal of alloSCT
if a donor was available or an autologous stem
cell transplant if the patient did not have a
donor but had a major molecular response
(MMR). Of note, imatinib was administered
in an intermittent fashion. Reduced-intensity
chemotherapy had a signiﬁcantly higher CR
rate (98.5% vs 91%; P¼.006) and lower incidence of death (0.7% vs 6.7%; P¼.01) during
induction therapy. The MMR rate (66% vs
64%) and 5-year OS rate (37.1% vs 45.6%;
P¼.37) were similar in both arms. There was
a signiﬁcant beneﬁt in OS (P¼.02) and RFS
(P¼.036) among patients who underwent
alloSCT. There was no difference in MMR
rate among patients who received alloSCT or
autologous stem cell transplant. Furthermore,
the beneﬁt of transplant was mainly observed
in patients who did not achieve a molecular
remission
with
induction/consolidation
chemotherapy.
Although imatinib in combination with
chemotherapy has been proven to increase
favorable outcomes, some patients may be
resistant to initial treatment or may relapse
after treatment.95 Furthermore, CNS relapses
have been reported with imatinib because of
its low cerebrospinal ﬂuid concentrations in
the CNS.96 Dasatinib, a second-generation
TKI, was originally developed in patients
with chronic myeloid leukemia with intolerance to and/or treatment failure with imatinib.
Dasatinib is more potent than imatinib against
the BCR-ABL1 protein, and it also inhibits the
SRC family of kinases.97 The SRC kinases
contribute substantially to the pathophysiology of Ph-positive ALL. Dasatinib has also
been reported to cross the blood-brain
barrier.98 The effectiveness of dasatinib in
achieving long-term remission was ﬁrst
assessed in a single-center study conducted
at MDACC.99 In that study, 72 patients
received dasatinib plus HCVAD and underwent alloSCT in CR1 if a donor was available.
Patients without donors received maintenance
therapy for 2 years with dasatinib, vincristine,
and corticosteroids, followed by dasatinib
indeﬁnitely. The CR, complete cytogenetic
response (CCyR) after ﬁrst cycle, and complete
molecular response (CMR) rates were 96%,
83%, and 65%, respectively. Twenty-two patients proceeded with alloSCT (12 in CR1
and 10 in CR after second induction [CR2]).
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The 5-year DFS and OS rates were 44% and
46%, respectively. The grade 3/4 AEs included
bleeding, pericardial/pleural effusions, and
elevated transaminase levels. Subsequently,
Ravandi et al conducted a multicenter study
assessing the efﬁcacy of dasatinib in combination with HCVAD in 94 patients (aged 18-60
years) with newly diagnosed Ph-positive
ALL.100 With a median follow-up of 26
months, 88% had achieved a CR or partial
CR. The 3-year EFS and OS rates were 54%
and 71%, respectively.
Investigators in Europe assessed a lowerintensity chemotherapy regimen in combination with dasatinib. Rousselot et al studied
dasatinib with low-intensity chemotherapy in
the EWALL-Ph-01 (European Working Group
on Adult ALL study number 01 for Ph[þ] ALL)
trial.101 Patients 55 years or older with newly
diagnosed Ph-positive ALL were treated with
dasatinib plus low-intensity chemotherapy.
During induction therapy, patients received
140 mg/d of dasatinib with vincristine and
dexamethasone and 100 mg/d of dasatinib
with methotrexate and asparaginase alternating
with cytarabine during consolidation therapy.
In the maintenance phase, patients received
dasatinib plus POMP. The CR rate was 96%,
and the 5-year OS and RFS rates were 36%
and 28%, respectively. Of note, 36 patients
experienced relapse, and 75% of these patients
had a T315I mutation. Chiaretti et al conducted
a multicenter trial (Gruppo Italiano Malattie
EMatologiche dell’Adulto LAL 1509) with a
similar concept.102 Sixty patients with a median age of 42 years received corticosteroids
for 35 days (day 6 to day 31) plus dasatinib,
140 mg/d, from day 1 through day 84. In patients who achieved CMR, dasatinib was
continued inﬁnitely. Patients who were not in
CMR at 3 months received chemotherapy followed by alloSCT, if feasible. Near the end of
85 days, 97% of patients were in complete hematologic remission and 18.6% were in CMR.
Among the 46 patients who did not achieve
CMR, there were 12 deaths and 14 relapses.
The 3-year DFS and OS rates were 48.9% and
58.3%, respectively. In a multivariate analysis,
the achievement of CMR was an independent
predictor of better survival.
Nilotinib, a second-generation TKI, was
also studied as a frontline treatment in combination with low-intensity chemotherapy in
Mayo Clin Proc. n November 2016;91(11):1645-1666
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elderly (55 years) patients with Ph-positive
ALL.103 In the EWALL-Ph-02 study, nilotinib
was administered at 400 mg twice daily during
induction and then continuously through
consolidation and maintenance therapy. With
a median follow-up of 7 months, 97% of patients achieved CR, and the overall CMR rate
was 42% after consolidation and 30% after induction therapy. The combination was also
well tolerated.
Despite the major improvement in outcomes, relapses are common, the acquisition
of the T315I kinase domain mutation being
one of the main reasons.104 Ponatinib is a
potent third-generation TKI that has the ability
to suppress nearly all BCR-ABL1 kinase
domain mutations, especially T315I clone,
thus overcoming resistance seen in ﬁrst- and
second-generation TKIs.104-106 In chronic
myeloid leukemia patients with T315I mutation, ponatinib had a CCyR rate of 53% in patients who failed multiple TKIs.106 As a result,
ponatinib was assessed in the management of
Ph-positive ALL.
In a phase 2 single-arm trial, 52 patients
with Ph-positive ALL received ponatinib plus
HCVAD.107 Initially, ponatinib was given at
45 mg/d, but the protocol was amended after
the occurrence of 2 fatal myocardial events.
Thereafter, ponatinib was given at 45 mg/d
for 14 days during induction therapy, followed by 30 mg continuously starting at the
second cycle and 15 mg/d once a CMR was
achieved. After the dose adjustment, no
further vascular events were reported. The
CR, CCyR, MMR, and CMR rates were
100%, 91%, 96%, and 79%, respectively.
With a median follow-up of 3 years, the
CRD and OS rates were 79% and 82%, respectively. The grade 3/4 toxicities included infections during induction therapy, elevated levels
on liver function tests, thrombotic events,
myocardial infarction, pancreatitis, and rash.
Ponatinib was then compared to dasatinib
in combination with HCVAD.108 With 109 patients, the propensity score analysis revealed
no difference in CR and MRD. However, the
3-year OS and EFS rates were signiﬁcantly
higher in the ponatinib vs the dasatinib group
(83% vs 60%, P¼.041 and 73% vs 50%,
P¼.035, respectively). These ﬁndings indicate
the superiority of ponatinib over dasatinib in
the treatment of Ph-positive ALL.
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In the pre-TKI era, alloSCT in CR1 was the
only way to improve outcomes. Currently, the
need for alloSCT in CR1 is debatable. The recent
use of MRD has raised questions about the
optimal timing of an alloSCT in these patients.
Ravandi et al studied the predictive value of
MRD by quantitative polymerase chain reaction
and FCM at various time points.109 The study
population was 122 patients with Ph-positive
ALL treated with chemotherapy plus TKI who
did not receive an alloSCT in CR1. Improvement in survival was strongly associated with
achieving MMR at 3, 6, 9, and 12 months
(P¼.02, P¼.04, P¼.05, and P¼.01, respectively). This study highlighted the importance
of MRD monitoring in patients with Phpositive ALL and its ability to identify patients
who may beneﬁt from an alloSCT. Furthermore, additional analysis 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, MMR, and
less than MMR, respectively.110 Therefore, patients in CMR may not need to undergo transplant in CR1.
The best results with TKIs are seen when
they are added early to Ph-positive ALL treatment and taken concurrently on a continuous
basis as compared to intermittent or pulsed
administrations.111 Therefore, it is imperative
to initiate TKI theray upon conﬁrmation of
Ph positivity, and it should be administered
over a prolonged continuous period.
Treatment of T-Cell ALL. T-cell ALL is less
common than B-cell ALL among children
and adults.4,8 In general, the treatment of
T-cell ALL is similar to that for B-cell ALL
because the National Comprehensive Cancer
Network guidelines makes no distinctions
between their treatments.8 In comparison to
B-cell ALL, outcomes of T-cell ALL are highly
variable and are often offset by a 50% relapse
rate if treated with conventional chemotherapy
such as HCVAD.8,29 Most of the oncogenic
processes in T-cell ALL involve constitutive
activation of NOTCH1 signaling (50%-60%)
with its highest frequency in the thymic subgroup of T-cell ALL.8,112 Other mutations in
T-cell ALL include JAK3 (12%), FBXW7
(10%), WT1 (10%), PHF6 (11%), and BCL11B
(10%). There are also epigenetic mutations in
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DNMT3A, polycomb repressive complex 2,
JAK/STAT (JAK1, JAK2, JAK3, IL7R), and
ribosomal processes (RPL10, RPL5).
Early thymic precursor T-cell ALL accounts for 10% of cases of adult T-cell ALL.
It has a higher rate of remission failure and
10-year relapse than typical T-cell ALL (72%
vs 10%, respectively).29 Therefore, early recognition of ETP-ALL and effective treatment is
crucial. The mutation proﬁle lacks NOTCH1
and CDKN1/2 expression but contains genetic
mutations involving FAT1, FAT3, FLT3,
DNM2 and DNMT3A, IDH1, IDH2, and
NRAS/KRAS, which may serve as therapeutic
targets.26,29,112 Early thymic precursor T-cell
ALL is known to activate mutations in genes
that govern the cytokine receptor and RAS
signaling (67%) as well as inactivate lesions
that interfere with hematopoiesis (58%) and
histone modifying genes (48%). This mutation
proﬁle is similar to that of myeloid neoplasms,
and hence, addition of myeloid-based therapies may improve ETP-ALL outcomes.
Nelarabine is a T-cellespeciﬁc purine
nucleoside analogue that is catabolized to arabinosylguanine triphosphate.113,114 T cells
appear to accumulate arabinosylguanine
triphosphate at higher levels, and once incorporated into the DNA, arabinosylguanine
triphosphate leads to inhibition of DNA synthesis and eventually apoptosis. Currently,
nelarabine is approved for the treatment of
R/R T-cell lymphoma/leukemia following at
least 2 chemotherapy regimens. Frontline Tcell ALL treatment with nelarabine in combination with HCVAD is being evaluated. At
the MDACC, nelarabine plus HCVAD was
given to 48 patients (median age, 38 years)
with de novo T-cell ALL and 36 patients
with T-cell lymphoblastic lymphoma .115 Neralabine was administered at a dose of 650 mg/
m2 IV daily for 5 days after cycles 4 and 5 of
HCVAD and then with POMP maintenance
therapy. The CR rate was 93% with no
difference between T-cell ALL and T-cell
lymphoblastic lymphoma (89% vs 94%,
respectively). The 3-year OS rate was 63%
with a median follow-up of 41 months. Patients with ETP-ALL had a shorter 3-year OS
in comparison to those with thymic and
mature T-cell ALL (45%, 78%, and 100%,
respectively). The most common grade 3/4
AEs were infection, gastrointestinal tract
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intolerance (nausea, vomiting, and diarrhea),
pancytopenia, and elevated transaminase
levels. Patients with ETP-ALL should be
considered for alloSCT after CR1.
Salvage Treatment
Although adults have high initial CR, approximately 40% to 50% experience relapse, with
66% being in the high-risk category.116-118
The overall response rates (ORRs) after relapse
are low and vary between 25% and 50% based
on the duration of ﬁrst remission. In the R/R
setting, alloSCT offers less than a 30% chance
for cure, but less than 10% of patients are able
to undergo this procedure. Immunotherapy in
the form of monoclonal antibodies targeting
CD19 and CD22 have allowed for better management of R/R ALL. Currently, the monoclonal antibodies with the most mature data
and promising results are blinatumomab and
inotuzumab ozogamicin.
Blinatumomab. Blinatumomab is a bispeciﬁc
T-celleengaging antibody that links the CD3
T-cell receptor to CD19 on B cells.119 This
synapse causes release of inﬂammatory cytokines, production of cytolytic proteins, and
proliferation of T cells that results in lysis of
CD19 B cells. It was initially studied in nonHodgkin lymphoma and chronic lymphocytic leukemia at doses of 0.75 to 13 mg/m2 IV
over 2 to 4 hours for up to 3 times a week.120
This type of administration failed to produce
any objective response, but it did result in
severe neurologic symptoms such as seizures,
aphasia, tremors, and disorientation leading to
discontinuation of treatment in some patients.
As a consequence, in a phase 1 study of R/R
non-Hodgkin lymphoma, blinatumomab was
administered as a continuous infusion and
dose-escalated to a target dose of 60 mg/m2 per
day.121 The reason for continuous infusion
was to increase efﬁcacy and prolong drug
exposure over time without the toxic peaks
seen with an intermittent dosing schedule. At
the target dose, the ORR was 69%.
Minimal Residual Disease. As previously
mentioned, MRD positivity confers poor prognosis because of the high incidence of systemic
relapse. Blinatumomab was initially studied in
patients with morphological or hematologic
Mayo Clin Proc. n November 2016;91(11):1645-1666
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CR with persistent or reappearing MRD positivity. The efﬁcacy of blinatumomab was
assessed in 21 patients with MRD-positive
ALL.122 Of the 20 evaluable patients, 16
(80%) became MRD negative after the ﬁrst
cycle of therapy. Subsequently, 9 patients
underwent alloSCT and had favorable outcomes similar to those patients who did not
undergo transplant. The relapses reported
occurred within 7 months of blinatumomab
initiation. At a median follow-up of 33
months, approximately 60% of patients
remained in CR. This efﬁcacy was conﬁrmed
in a pivotal open-label multicenter trial
(BLAST). Gökbuget et al assessed single-agent
blinatumomab in 116 patients with ALL in CR
but with MRD positivity.123 Most patients had
undergone 3 or more courses of chemotherapy, and 35% or more were in CR2. Blinatumomab was given at 15 mg/m2 per day
continuous IV infusion (CIVI) for 28 days
every 6 weeks for 4 cycles. Approximately
78% achieved MRD negativity after 1 cycle
and 80% after 4 cycles. With a median followup of 29.5 months, the median OS was
approximately 36 months and RFS was 19
months. There was no difference in OS and
RFS between patients who received an alloSCT
in CR1 and those who did not (HR, 1.39
[P¼.37] and 0.89 [P¼.73], respectively).
Relapsed and Refractory Disease. Blinatumomab was also studied in adult patients
with Ph-negative R/R ALL. A pivotal phase 2
multicenter study was conducted in 189 patients.124 These patients were treated with
9 mg/d CIVI for the ﬁrst week and then 28
mg/d CIVI during weeks 2 through 4 in the
ﬁrst cycle and subsequent cycles. Patients
received up to 4 cycles after the ﬁrst induction
cycle. The CR was 43% with 82% of patients
achieving MRD negativity. The median survival was 6.1 months. Based on these results,
blinatumomab was approved by the US Food
and Drug Administration in December 2014
for patients with R/R ALL.
A phase 3 randomized trial (TOWER
study) compared blinatumomab to investigators’ choice of chemotherapy in patients with
R/R ALL.125 More than 400 patients with R/
R Ph-negative ALL were randomized to either
blinatumomab (n¼271) or standard care
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chemotherapy (n¼134). The ORRs were 45%
and 30%, respectively (P¼.007). Molecular
remission rates among responders, deﬁned
as the presence of less than 104 blasts in
the ﬁrst 12 weeks, were 75% and 48%,
respectively. Blinatumomab prolonged the
primary study end point of OS; the median
OS was 7.7 months (range, 5.6-9.6 months)
with blinatumomab and 4.0 months (range,
2.9-5.3 months) with standard care chemotherapy, respectively (P¼.012; HR, 0.71).
Blinatumomab was also evaluated in the
phase 2 ALCANTARA trial in patients with
R/R Ph-positive ALL.126 Blinatumomab was
given at the standard dose for up to 5 cycles
in 45 patients, 36% of whom achieved CR or
partial hematologic response after the ﬁrst 2
cycles. Of the responders, 86% had complete
MRD response. With a median follow-up of
9 months, the median RFS and OS were 6.7
months and 7.1 months, respectively.
Most of the blinatumomab AEs are mild to
moderate and occur during the ﬁrst cycle.
Thus, patients begin with a lower dose
(9 mg/d) for the ﬁrst 7 days and are monitored
closely in the hospital. Common AEs include
chills, pyrexia, constitutional symptoms, and
reversible neurologic events such as tremors,
seizures, aphasia, and ataxia.119 In order to
minimize these adverse effects, all patients
are premedicated with dexamethasone during
day 1 of the ﬁrst cycle and the ﬁrst day of
any dose escalation (Table 3).124-127
Inotuzumab Ozogamicin. Inotuzumab ozogamicin, a monoclonal antibody against CD22,

was initially studied in non-Hodgkin lymphoma at a maximally tolerated dose of 1.8
mg/m2 IV given over 3 to 4 weeks.128 The
ORR was 39%, and the most common
reversible AE was thrombocytopenia. As a
result, a phase 2 study was conducted in R/R
ALL starting at 1.3 mg/m2 IV in the ﬁrst 3
patients and then a subsequent dose increase
of 1.8 mg/m2 IV every 3-4 weeks.129 The
study enrolled 49 patients, and 73% had
received 2 or more salvage regimens before
treatment with inotuzumab. The ORR was
57% after a median of 2 cycles, and the median survival was approximately 5 months.
Nearly 50% of patients were able to undergo
alloSCT. Common AEs included fever and
hypotension following the infusion. Notable
serious toxicities included a high incidence of
VOD (n¼5, 23%), mainly observed in patients
who received double alkylators as part of their
pretransplant conditioning. In order to minimize toxicities without compromising efﬁcacy
and based on the pharmacokinetic and pharmacodynamic data, inotuzumab was administered on a weekly basis at 0.8 mg/m2 IV on
day 1 followed by 0.5 mg/m2 IV on days 8 and
15 every 3 to 4 weeks.130 This study yielded
an ORR similar to that of the monthly regimen
(59% vs 57%, respectively) with a median
survival between 5-7.3 months. However,
weekly administration of inotuzumab resulted
in fewer AEs, including lower rates of VOD.
Advani et al also conducted a phase 2 study of
inotuzumab in heavily pretreated patients with
R/R ALL.131 The median OS was 7.4 months
with a remission rate of 65.7%. These

TABLE 3. Blinatumomab in Relapsed/Refractory ALLa,b
Ph-negative

Ph-positive

Parameters

Pivotal phase 2
(N¼36)

Conﬁrmatory phase 2
(N¼189)

Phase 3 (TOWER trial)
(N¼405)

Pivotal phase 2
(ALCANTRA trial)
(N¼45)

CR/CRh
RFS (mo), median
OS (mo), median
Salvage 1
Salvage 2

25 (69)
7.6
9.8
11
10

81 (43)
5.9
6.1
35
151

NR
NR
7.7
91
66

16 (36)
6.7
7.1
NR
NR

ALL ¼ acute lymphoblastic leukemia; CR ¼ complete response; CRh ¼ CR with incomplete hematologic recovery; NR ¼ not reported; OS ¼ overall survival; Ph ¼
Philadelphia chromosome; RFS ¼ relapse-free survival.
b
Data are presented as No. (percentage) of patients unless indicated otherwise.
a

Data from references.124-127
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encouraging results led to an international
study comparing weekly inotuzumab to standard ALL chemotherapy in the ﬁrst or second
salvage therapy setting.132 The objective
response rates were 81% and 33%, respectively. Among responders, the MRD negativity
rates were 78% and 28%, respectively. The
median PFS was 5.0 vs 1.8 months, respectively (P<.001). The median OS was 7.7 vs
6.7 months (P¼.02; HR, 0.77). The 2-year
survival rates were 23% and 10%, respectively.
Inotuzumab was combined with dosereduced HCVAD, known as low-intensity
HCVD, for 8 courses in the salvage setting.133
Inotuzumab was given on day 3 of each of the
ﬁrst 4 cycles. The addition of rituximab was
allowed if patients had 20% or more CD20
expression. The treatment cycle was 3 to 4
weeks long, and patients who responded
received POMP maintenance therapy for 1
year followed with vincristine and corticosteroids for 2 years if the patient did not undergo
alloSCT. In the 52 patients treated, the objective
response rate was 77% (53% CR) and the MRD
negativity rate was 82%. The median survival
was 11 months. The 2-year PFS and OS rates
were 60% and 32%, respectively. For patients
receiving their ﬁrst salvage therapy, the 2-year
OS rate was 50%. When compared to single inotuzumab therapy in similar patients, the median
survivals were better (6 vs 11 months, respectively), favoring the combination (Table 4).
The results with blinatumomab and inotuzumab are encouraging. Studies incorporating

targeted agents early in ALL treatment will
hopefully improve survival through early molecular remission and reduced relapse rates.
Chimeric Antigen ReceptoreModiﬁed T
Cells. Chimeric antigen receptoremodiﬁed
T cells are genetically modiﬁed autologous T
lymphocytes that are engineered to express
binding sites of speciﬁc antibodies, such as a
receptor against CD19 leading to the death
of CD19-expressing cells.134,135 T cells are
harnessed from a patient’s own immune system and modiﬁed to express various receptors
necessary to target the destruction of the malignant cells. First-generation CAR-Ts were
studied in B-cell malignancies such as CD20
and CD19, but these cells lacked antitumor
activity. Subsequently, second-and third-generation CAR-Ts were created with costimulatory domains that improved their
expansion and persistence in vivo. In the
fourth-generation CAR-Ts, cytokines or costimulatory ligands were added to increase the
expansion and longevity. Since then, there
have been several modiﬁcations to optimize
cytotoxic activity while minimizing toxicity.
Park et al are conducting a study with
CAR-Ts in patients with R/R ALL.136
Currently, 46 patients are enrolled, 45 of
whom are evaluable for response. The median
age is 45 years (range, 22-74 years). Most patients had 3 previous types of therapy, and
approximately 30% had Ph-positive ALL and
previous alloSCT. Half of the patients had

TABLE 4. Summary of Clinical Trials With Inotuzumab in Relapsed/Refractory ALL

Parameters

Single dose

Weekly dose

INO dose/schedule

1.8 mg/m2 on day 1
every 3-4 wk

0.8 mg/m2 on day 1,
0.5 mg/m2 on days
8 and 15

57%
18%
10%/29%
5

66%
31%
34%
7.4

Results
ORR
CR
CRp
OS (mo)

CR 39 patients
(35.8%) CRi 49
patients (45%)
0.8 mg/m2 on day
1, 0.5 mg/m2 on
days 8 and 15

INO
81%

SC
33%
35.8%
45%

7.7

6.7

INO þ mini-HCVD
1.8 mg/m2 in cycle 1
followed by 1.3 mg/m2
for remaining courses
on day 3 of ﬁrst
4 courses
77%
53%
19%
11

129,131-133

Data from references.
ALL ¼ acute lymphoblastic leukemia; CR ¼ complete response; CRp ¼ complete response with incomplete count recovery; HCVD ¼ hyperfractionated cyclophosphamide, vincristine, and dexamethasone; INO ¼ inotuzumab; NR ¼ not reported; ORR ¼ overall response rate; OS ¼ overall survival; SC ¼ standard care.
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active disease, while the other half were in
marrow CR. Complete remission was attained
in 36 patients (84%). Only 35 of the 36 patients in CR were evaluated for MRD of which
29 patients (83%) became MRD negative.
Seven patients were disease free beyond 1
year; the median survival is about 11 months
for those in CR with MRD negativity. Survival
did not differ if patients received an alloSCT
after CAR-T therapy, but MRD negativity was
a strong predicator of better outcomes.
Outcomes of CAR-T therapy at the University of Pennsylvania and The Children’s Hospital of Philadelphia have also been reported.137
In this study, 59 children with R/R ALL have
received treatment, and 93% experienced CR
with a 1-year OS rate of 79%. With a median
follow-up of 12 months, RFS is 55%, and 34
patients are still in CR. Relapse has occurred
in 20 patients and 13 of them are CD19 negative. Cytokine release syndrome occurred in
88% of the patients, but all recovered.
The use of dexamethasone and tocilizumab are interventions thought to blunt the
cytokine release syndrome effect of CAR-Ts.
As a result, their appropriate use and time
frame are still debatable. Treatment with
CAR-Ts is a highly innovative strategy for R/
R ALL, and there are several ongoing trials
assessing their optimal clinical use.
TREATMENT APPROACH
A bone marrow examination must be performed to conﬁrm the diagnosis of ALL. In
addition, a complete immunophenotypic, cytogenetic, and molecular panel should be conducted because it is crucial for risk
stratiﬁcation and to determine targetable mutations. This will help determine the most
optimal treatment regimen.
Adolescents and Young Adults
For AYA patients, pediatric regimens have
been found to substantially improve OS
without notable toxicity. In the GRAALL
study, patients younger than 45 years of age
were noted to have better OS with pediatricinspired regimens. Conversely, at the
MDACC, the CR rate and 3-year CRD were
similar between augmented BFM and rituximab-HCVAD, and thus either regimen would
be effective. If the patient is CD20 positive,
1660
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adding rituximab or ofatumumab to chemotherapy is highly recommended.
Elderly Patients
Patients 60 years of age or older have a high
rate of toxicities when treated with intensive
chemotherapy. In order to maintain efﬁcacy
and reduce toxicity, low-intensity HCVD
plus inotuzumab was studied. This lowintensity chemotherapy was well tolerated
and produced a 2-year OS of 70%, with
75% of patients becoming MRD negative after
the ﬁrst cycle.
Mature B-Cell ALL
In mature B-cell ALL, the addition of rituximab has drastically improved outcomes, as
evidenced by several studies quoting OS rates
of 50% to 80%. For patients with Burkitt leukemia who have low- or intermediate-risk disease, dose-adjusted etoposide, prednisone,
vincristine, cyclophosphamide, and doxorubicin is a promising treatment with PFS and
OS rates of up to 100%. In addition, due to
a high risk of CNS relapse, patients with Burkitt leukemia should receive a total of 16 doses
of IT chemotherapy as prophylaxis.
PreeB-Cell ALL
Data from the MDACC, German multicenter
study group for adult ALL, and the landmark
GRAALL-R 2005 studies have revealed
improvement in survival and an increase in
EFS rate with the addition of rituximab to
conventional chemotherapy. As a result, rituximab should be added to chemotherapy
in patients with preeB-cell ALL with positive
CD20 expression. Newer generations of antiCD20 monoclonal antibodies are being
tested.
T-Cell ALL
Patients with T-cell ALL have achieved CR in
93% of cases with a 5-year OS rate of 66%. Patients with mature T-cell ALL have a better
outcomes than those with ETP-ALL. In patients with ETP-ALL, alloSCT should be
considered after CR1.
Ph-Positive ALL
The treatment and outcomes of Ph-positive
ALL have changed considerably with the
incorporation of TKIs, which has now become

November 2016;91(11):1645-1666

n

http://dx.doi.org/10.1016/j.mayocp.2016.09.010
www.mayoclinicproceedings.org

ADULT ACUTE LYMPHOBLASTIC LEUKEMIA

standard care. Among the TKIs studied in Phpositive ALL, ponatinib has had a higher
response rate and deeper molecular response.
Choice of the most appropriate TKI should always be based on patient-speciﬁc factors, mutations, and the drug’s adverse effect proﬁle in
mind. All TKIs should be given on a daily and
continuous basis because this regimen is more
effective than intermittent dosing. It is also
important that these patients receive a total
of 12 doses of IT chemotherapy to prevent
and reduce the risk of CNS relapse.
Stem Cell Transplant
Several studies have provided better guidance
and insight regarding which patients beneﬁt
from alloSCT vs prolonged maintenance therapy following CR1. For high-risk young adults
with ALL who have an available donor, an
alloSCT in CR1 is appropriate. In standardrisk patients, MRD status should be utilized
to help develop a treatment strategy. Patients
who are MRD positive can be restratiﬁed to a
high-risk category and would beneﬁt from an
alloSCT in CR1. However, with the recent
availability of blinatumomab, a bispeciﬁc
monoclonal antibody targeted against C19
and CD3 cells, the treatment approach to
MRD-positive ALL may drastically change.
Studies have found that patients in hematologic and morphological CR but with persistent
or reappearing MRD positivity treated with
blinatumomab can achieve MRD negativity as
quickly as the ﬁrst cycle. Furthermore, outcomes appear to be similar in those with
MRD positivity who undergo alloSCT versus
those who receive blinatumomab. Thus, the
treatment strategy for MRD-positive patients
may change to blinatumomab alone or at least
1 or 2 cycles of blinatumomab followed by
alloSCT. In addition to MRD status, gene
expression proﬁling and immunophenotypic
techniques are important in identifying poor
prognostic subgroups of ALL such as patients
with ETP-ALL and Ph-like ALL who may
beneﬁt from alloSCT in CR1. Otherwise,
alloSCT should be offered to all patients in
CR2.
CONCLUSION
Major progress has been made in revising
prognostic factors, understanding the impact
of MRD, and the development of novel targeted
Mayo Clin Proc. n November 2016;91(11):1645-1666
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therapies for adult patients with ALL.
The addition of rituximab to conventional
chemotherapy in the treatment of B-cell
ALL has substantially improved survival. The
incorporation of TKIs in the treatment of
Ph-positive ALL has drastically improved outcomes, but their role after transplant is still to
be determined. Blinatumomab and inotuzumab
have marked activity in the R/R setting. Furthermore, inotuzumab in combination with
low-intensity chemotherapy increases ORR
and improves outcomes in elderly patients,
who historically have had high rates of death
due to toxicity from conventional chemotherapy. Currently, several questions remain as
to the best combination of drugs and the best
sequence of administration. The monoclonal antibodies can possibly be incorporated during the
initial stages of treatment to induce higher rates
of MRD negativity and to potentially reduce the
need for overall intensive or maintenance
chemotherapy. As current trials advance into
their last stages and data matures, the role and
sequence of these novel agents may be redeﬁned. This new data may translate into improvement of cure rates in adult ALL to the level
achieved in pediatric populations.
Abbreviations and Acronyms: AE = adverse event; ALL =
acute lymphoblastic leukemia; alloSCT = allogeneic hematopoietic stem cell transplant; AYA = adolescent and
young adult; BFM = Berlin-Frankfurt-Münster; CAR-T =
chimeric antigen receptoremodiﬁed T cell; CCyR = complete cytogenetic response; CIVI = continuous intravenous
infusion; CMR = complete molecular response; CNS =
central nervous system; CR = complete remission; CR1 =
CR after ﬁrst induction; CR2 = CR after second induction;
CRD = CR duration; DFS = disease-free survival; EFS =
event-free survival; ETP = early thymic precursor T-cell;
FCM = multiparameter ﬂow cytometry; GMALL = German
Multicenter Study Group for Adult ALL; GRAALL = Group
for Research on Adult Acute Lymphoblastic Leukemia;
HCVAD = hyperfractionated cyclophosphamide, vincristine,
doxorubicin, and dexamethasone; HCVD = hyperfractionated cyclophosphamide, vincristine, and dexamethasone; HR = hazard ratio; IT = intrathecal; IV =
intravenously; MDACC = MD Anderson Cancer Center;
MMR = major molecular response; MRD = minimal residual
disease; ORR = overall response rate; OS = overall survival;
peg = pegylated; Ph = Philadelphia chromosome; PFS =
progression-free survival; POMP = 6-mercaptopurine,
vincristine, methotrexate, and prednisone; RFS = relapsefree survival; R/R = relapsed/refractory; TKI = tyrosine
kinase inhibitor; VOD = veno-occlusive disease
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Acute lymphoblastic leukemia associated with Klinefelter syndrome. Pediatr Hematol Oncol. 1994;11(2):227-229.
14. Yetgin S, Tuncer M, Guler E, et al. Acute lymphoblastic
leukemia in Fanconi’s anemia. Am J Hematol. 1994;47(1):
45-49.
15. Passarge E. Bloom’s syndrome: the German experience. Ann
Genet. 1991;34(3-4):179-197.
16. Taylor AM, Metcalfe JA, Thick J, Mak YF. Leukemia and lymphoma in ataxia telangiectasia. Blood. 1996;87(2):423-443.
17. Sakajiri S, Mori K, Isobe Y, Kawamata N, Oshimi K. EpsteinBarr virus-associated T-cell acute lymphoblastic leukaemia.
Br J Haematol. 2002;117(1):127-129.
18. Gérinière L, Bastion Y, Dumontet C, Salles G,
Espinouse D, Coifﬁer B. Heterogeneity of acute lymphoblastic leukemia in HIV-seropositive patients. Ann Oncol.
1994;5(5):437-440.
19. Jabbour EJ, Faderl S, Kantarjian HM. Adult acute lymphoblastic
leukemia. Mayo Clin Proc. 2005;80(11):1517-1527.

1662

Mayo Clin Proc.

n

20. Faderl S, O’Brien S, Pui CH, et al. Adult acute lymphoblastic
leukemia: concepts and strategies. Cancer. 2010;116(5):
1165-1176.
21. Lilleyman JS, Hann IM, Stevens RF, Eden OB, Richards SM.
French American British (FAB) morphological classiﬁcation
of childhood lymphoblastic leukaemia and its clinical importance. J Clin Pathol. 1986;39(9):998-1002.
22. Bene MC, Castoldi G, Knapp W, et al. Proposals for the
immunological classiﬁcation of acute leukemias: European
Group for the Immunological Characterization of Leukemias
(EGIL). Leukemia. 1995;9(10):1783-1786.
23. Borowitz MJ, Chan JKC. B lymphoblastic leukaemia/lymphoma,
not otherwise speciﬁed. In: Swerdlow SH, Campo E,
Harris NL, et al., eds. WHO Classiﬁcation of Tumours of Haematopoietic and Lymphoid Tissues. 4th ed. Lyon, France: IARC
Press; 2008:168-170.
24. Borowitz MJ, Chan JKC. T lymphoblastic leukemia/
lymphoma. In: Swerdlow SH, Campo E, Harris NL, et al.,
eds. WHO Classiﬁcation of Tumors of Haematopoietic and
Lymphoid Tissues. 4th ed. Lyon, France: IARC Press; 2008:
176-178.
25. Vardiman JW. The World Health Organization (WHO) classiﬁcation of tumors of the hematopoietic and lymphoid tissues: an overview with emphasis on the myeloid neoplasms.
Chem Biol Interact. 2010;184(1-2):16-20.
26. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision
of the World Health Organization classiﬁcation of myeloid
neoplasms and acute leukemia. Blood. 2016;127(20):23912405.
27. Pui CH, Relling MV, Downing JR. Acute lymphoblastic leukemia. N Engl J Med. 2004;350(15):1535-1548.
28. Thomas DA, O’Brien S, Jorgensen JL, et al. Prognostic signiﬁcance of CD20 expression in adults with de novo precursor
B-lineage acute lymphoblastic leukemia. Blood. 2009;113(25):
6330-6337.
29. Coustan-Smith E, Mullighan CG, Onciu M, et al. Early
T-cell precursor leukaemia: a subtype of very high-risk
acute lymphoblastic leukaemia. Lancet Oncol. 2009;10(2):
147-156.
30. Graux C, Cools J, Michaux L, Vandenberghe P, Hagemeijer A.
Cytogenetics and molecular genetics of T-cell acute lymphoblastic leukemia: from thymocyte to lymphoblast. Leukemia.
2006;20(9):1496-1510.
31. Moorman AV, Chilton L, Wilkinson J, Ensor HM, Bown N,
Proctor SJ. A population-based cytogenetic study of adults
with acute lymphoblastic leukemia [published correction
appears in Blood. 2010;116(6):1017]. Blood. 2010;115(2):
206-214.
32. Moorman AV, Harrison CJ, Buck GA, et al. Medical Research
Council (MRC)/National Cancer Research Institute (NCRI)
Adult Leukaemia Working Party of the United Kingdom and
the Eastern Cooperative Oncology Group. Karyotype is an independent prognostic factor in adult acute lymphoblastic leukemia (ALL): analysis of cytogenetic data from patients treated
on the Medical Research Council (MRC) UKALLXII/Eastern
Cooperative Oncology Group (ECOG) 2993 trial. Blood.
2007;109(8):3189-3197.
33. Pullarkat V, Slovak ML, Kopecky KJ, Forman SJ, Appelbaum FR.
Impact of cytogenetics on the outcome of adult acute
lymphoblastic leukemia: results of Southwest Oncology
Group 9400 study. Blood. 2008;111(5):2563-2572.
34. Faderl S, Kantarjian HM, Talpaz M, Estrov Z. Clinical signiﬁcance of cytogenetic abnormalities in adult acute lymphoblastic leukemia. Blood. 1998;91(11):3995-4019.
35. Hunger SP, Mullighan CG. Redeﬁning ALL classiﬁcation: toward detecting high-risk ALL and implementing precision
medicine. Blood. 2015;125(26):3977-3987.
36. Roberts KG, Mullighan CG. Genomics in acute lymphoblastic
leukaemia: insights and treatment implications. Nat Rev Clin
Oncol. 2015;12(6):344-357.

November 2016;91(11):1645-1666

n

http://dx.doi.org/10.1016/j.mayocp.2016.09.010
www.mayoclinicproceedings.org

ADULT ACUTE LYMPHOBLASTIC LEUKEMIA

37. Roberts KG, Li Y, Payne-Turner D, et al. Targetable kinaseactivating lesions in Ph-like acute lymphoblastic leukemia.
N Eng J Med. 2014;371(11):1005-1015.
38. Den Boer ML, van Slegtenhorst M, De Menezes RX, et al.
A subtype of childhood acute lymphoblastic leukaemia with
poor treatment outcome: a genome-wide classiﬁcation study.
Lancet Oncol. 2009;10(2):125-134.
39. Mullighan CG, Su X, Zhang J, et al. Children’s Oncology
Group. Deletion of IKZF1 and prognosis in acute lymphoblastic leukemia. N Engl J Med. 2009;360(5):470-480.
40. Mullighan CG, Collins-Underwood JR, Phillips LA, et al. Rearrangement of CRLF2 in B-progenitor- and Down syndromeassociated acute lymphoblastic leukemia. Nat Genet. 2009;
41(11):1243-1246.
41. Russell LJ, Capasso M, Vater I, et al. Deregulated expression of
cytokine receptor gene, CRLF2, is involved in lymphoid transformation in B-cell precursor acute lymphoblastic leukemia.
Blood. 2009;114(13):2688-2698.
42. Hertzberg L, Vendramini E, Ganmore I, et al. Down syndrome
acute lymphoblastic leukemia, a highly heterogeneous disease
in which aberrant expression of CRLF2 is associated with
mutated JAK2: a report from the International BFM Study
Group. Blood. 2010;115(5):1006-1017.
43. Roberts KG, Pei D, Campana D, et al. Outcomes of children
with BCR-ABL1elike acute lymphoblastic leukemia treated
with risk-directed therapy based on the levels of minimal residual disease. J Clin Oncol. 2014;32(27):3012-3020.
44. Jones B, Freeman AI, Shuster JJ, et al. Lower incidence of
meningeal leukemia when prednisone is replaced by dexamethasone in the treatment of acute lymphocytic leukemia.
Med Pediatr Oncol. 1991;19(4):269-275.
45. Hurwitz CA, Silverman LB, Schorin MA, et al. Substituting
dexamethasone for prednisone complicates remission induction in children with acute lymphoblastic leukemia. Cancer.
2000;88(8):1964-1969.
46. Patel B, Kirkwood A, Dey A, et al. Feasibility of pegylatedasparaginase (PEG-ASP) during induction in adults with
acute lymphoblastic leukameia (ALL): results from UK phase
3 multicentre trial UKALL14 [abstract]. Blood. 2013;122:
3900.
47. Kantarjian H, Thomas D, O’Brien S, et al. Long-term follow-up
results of hyperfractionated cyclophosphamide, vincristine,
doxorubicin, and dexamethasone (Hyper-CVAD), a doseintensive regimen, in adult acute lymphocytic leukemia. Cancer. 2004;101(12):2788-2801.
48. Koller CA, Kantarjian HM, Thomas D, et al. The hyper-CVAD
regimen improves outcome in relapsed acute lymphoblastic
leukemia. Leukemia. 1997;11(12):2039-2044.
49. Rytting ME, Jabbour EJ, Jorgensen JL, et al. Final results of a single institution experience with a pediatric-based regimen, the
augmented Berlin-Frankfurt-Munster, in adolescents and
young adults with acute lymphoblastic leukemia, and comparison to the hyper-CVAD regimen. Am J Hematol. 2016;91(8):
819-823.
50. Bassan R, Hoelzer D. Modern therapy of acute lymphoblastic
leukemia. J Clin Oncol. 2011;29(5):532-543.
51. Childhood ALL Collaborative Group. Duration and intensity
of maintenance chemotherapy in acute lymphoblastic
leukaemia: overview of 42 trials involving 12 000 randomised
children. Lancet. 1996;347(9018):1783-1788.
52. Narayanan S, Shami PJ. Treatment of acute lymphoblastic
leukemia in adults. Crit Rev Oncol Hematol. 2012;81(1):
94-102.
53. Hoelzer D, Ludwig WD, Thiel E, et al. Improved outcome in
adult B-cell acute lymphoblastic leukemia. Blood. 1996;87(2):
495-508.
54. Walter AW, Hancock ML, Pui CH, et al. Secondary brain tumors in children treated for acute lymphoblastic leukemia at
St Jude Children’s Research Hospital. J Clin Oncol. 1998;
16(12):3761-3767.

Mayo Clin Proc. n November 2016;91(11):1645-1666
www.mayoclinicproceedings.org

n

55. Mahmoud HH, Rivera GK, Hancock ML, et al. Low leukocyte
counts with blast cells in cerebrospinal ﬂuid of children with
newly diagnosed acute lymphoblastic leukemia. N Engl J
Med. 1993;329(5):314-319.
56. Marks DI, Alonso L, Radia R. Allogeneic hematopoietic cell
transplantation in adult patients with acute lymphoblastic
leukemia. Hematol Oncol Clin North Am. 2014;28(6):9951009.
57. Bassan R, Spinelli O, Oldani E, et al. Improved risk classiﬁcation for risk-speciﬁc therapy based on the molecular
study of minimal residual disease (MRD) in adult acute
lymphoblastic leukemia (ALL). Blood. 2009;113(18):41534162.
58. Dhédin N, Huynh A, Maury S, et al; GRAALL Group. Role of
allogeneic stem cell transplantation in adult patients with
Ph-negative acute lymphoblastic leukemia. Blood. 2015;
125(16):2486-2496.
59. Gökbuget N, Kneba M, Raff T, et al; German Multicenter
Study Group for Adult Acute Lymphoblastic Leukemia. Adult
patients with acute lymphoblastic leukemia and molecular failure display a poor prognosis and are candidates for stem cell
transplantation and targeted therapies. Blood. 2012;120(9):
1868-1876.
60. Ribera JM, Oriol A, Morgades M, et al. Treatment of highrisk Philadelphia chromosome-negative acute lymphoblastic
leukemia in adolescents and adults according to early cytologic response and minimal residual disease after consolidation assessed by ﬂow cytometry: ﬁnal results of the
PETHEMA ALL-AR-03 trial. J Clin Oncol. 2014;32(15):
1595-1604.
61. Brüggemann M, Gökbuget N, Kneba M. Acute lymphoblastic
leukemia: monitoring minimal residual disease as a therapeutic
principle. Semin Oncol. 2012;39(1):47-57.
62. Raff T, Gökbuget N, Lüschen S, et al. Molecular relapse in
adult standard-risk ALL patients detected by prospective
MRD monitoring during and after maintenance treatment:
data from the GMALL 06/99 and 07/03 trials. Blood. 2007;
109(3):910-915.
63. Borowitz MJ, Devidas M, Hunger SP, et al. Children’s
Oncology Group. Clinical signiﬁcance of minimal residual
disease in childhood acute lymphoblastic leukemia and its relationship to other prognostic factors: a Children’s Oncology
Group study. Blood. 2008;111(12):5477-5485.
64. Ravandi F, Jorgensen JL, O’Brien SM, et al. Minimal residual disease assessed by multi-parameter ﬂow cytometry is highly
prognostic in adult patients with acute lymphoblastic
leukaemia. Br J Hematol. 2016;172(3):392-400.
65. Pulte D, Gondos A, Brenner H. Improvement in survival in
younger patients with acute lymphoblastic leukemia from
the 1980s to the early 21st century. Blood. 2009;113(7):
1408-1411.
66. Stock W, Luger SM, Advani AS, et al. Favorable outcomes for
older adolescents and young adults (AYA) with acute
lymphoblastic leukemia (ALL): early results of U.S. intergroup
trial C10403 [abstract]. Blood. 2014;124:796.
67. Huguet F, Leguay T, Raffoux E, et al. Pediatric-inspired therapy
in adults with Philadelphia chromosome-negative acute
lymphoblastic leukemia: the GRAALL-2003 study [published
correction appears in J Clin Oncol. 2009;27(15):2574]. J Clin
Oncol. 2009;27(6):911-918.
68. Fathi AT, DeAngelo DJ, Stevenson KE, et al. Intensiﬁed
chemotherapy for older patients with acute lymphoblastic leukemia (ALL): a phase II study from the Dana Farber Cancer
Institute (DFCI) ALL consortium [abstract]. Blood. 2014;
124(21):3714.
69. DeAngelo DJ, Stevenson K, Neuberg DS, et al. A multicenter
phase II study using a dose intensiﬁed pegylated-asparaginase
pediatric regimen in adults with untreated acute lymphoblastic
leukemia: a DFCI ALL consortium trial. Leukemia. 2015;29:
526-534. Abstract 80.

http://dx.doi.org/10.1016/j.mayocp.2016.09.010

1663

MAYO CLINIC PROCEEDINGS

70. Gökbuget N. How I treat older patients with ALL. Blood.
2013;122(8):1366-1375.
71. O’Brien S, Thomas DA, Ravandi F, Faderl S, Pierce S,
Kantarjian H. Results of the hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone regimen
in elderly patients with acute lymphocytic leukemia. Cancer.
2008;113(8):2097-2101.
72. Goekbuget N, Beck J, Bruggemann M, et al. Moderate intensive chemotherapy including CNS-prophylaxis with liposomal cytarabine is feasible and effective in older patients
with Ph-negative acute lymphoblastic leukemia (ALL): results
of a prospective trial from the German Multicenter Study
Group for Adult ALL (GMALL) [abstract]. Blood. 2012;120:
1493.
73. Jabbour E, O’Brien S, Sasaki K, et al. Inotuzumab ozogamicin
(INO) in combination with low-intensity chemotherapy
(mini-hyper-CD) as frontline therapy for older patients
(60 years) with acute lymphoblastic leukemia (ALL)
[abstract]. Blood. 2014;124:83.
74. O’Brien SM, Kantarjian H, Thomas DA, et al. Rituximab doseescalation trial in chronic lymphocytic leukemia. J Clin Oncol.
2001;19(8):2165-2170.
75. McLaughlin P, Grillo-López AJ, Link BK, et al. Rituximab
chimeric anti-CD20 monoclonal antibody therapy for
relapsed indolent lymphoma: half of patients respond to a
four-dose treatment program. J Clin Oncol. 1998;16(8):
2825-2833.
76. Thomas DA, Faderl S, O’Brien S, et al. Chemoimmunotherapy
with hyper-CVAD plus rituximab for the treatment of adult
Burkitt and Burkitt-type lymphoma or acute lymphoblastic leukemia. Cancer. 2006;106(7):1569-1580.
77. Hoelzer D, Walewski J, Döhner H, et al; German Multicenter
Study Group for Adult Acute Lymphoblastic Leukemia.
Improved outcome of adult Burkitt lymphoma/leukemia
with rituximab and chemotherapy: report of a large prospective multicenter trial. Blood. 2014;124(26):3870-3879.
78. Ribrag V, Koscielny S, Bosq J, et al. Rituximab and dose-dense
chemotherapy for adults with Burkitt’s lymphoma: a randomised, controlled, open-label, phase 3 trial. Lancet. 2016;
387(10036):2402-2411.
79. Dunleavy K, Pittaluga S, Shovlin M, et al. Low-intensity therapy
in adults with Burkitt’s lymphoma. N Engl J Med. 2013;369(20):
1915-1925.
80. Thomas DA, O’Brien S, Faderl S, et al. Chemoimmunotherapy
with a modiﬁed hyper-CVAD and rituximab regimen improves outcomes in de novo Philadelphia chromosomenegative precursor B-lineage acute lymphoblastic leukemia.
J Clin Oncol. 2010;28(24):3880-3889.
81. Hoelzer D, Huettmann A, Kaul F, et al. Immunochemotherapy
with rituximab improves molecular CR rate and outcome in
CD20þ B-lineage standard and high risk patients: results of
263 CD20þ patients studied prospectively in GMALL study
07/2003 [abstract]. Blood. 2010;116(21):170.
82. Hoelzer D, Gökbuget N. Chemoimmunotherapy in acute
lymphoblastic leukemia. Blood Rev. 2012;26(1):25-32.
83. Maury S, Chevret S, Thomas X, et al. Addition of rituximab
improves the outcome of adult patients with CD20-positive,
Ph-negative, B-cell precursor acute lymphoblastic leukemia
(BCP-ALL): results of the randomized GRAALL-R 2005 study
[abstract]. Blood. 2015;126(23):1.
84. Wierda WG, Padmanabhan S, Chan GW, Gupta IV,
Lisby S, Osterborg A; Hx-CD20e406 Study Investigators.
Ofatumumab is active in patients with ﬂudarabinerefractory CLL irrespective of prior rituximab: results from
the phase 2 international study. Blood. 2011;118(19):51265129.
85. Sasaki K, Koller PB, Kantarjian HM, et al. Phase II study of the
frontline hyper-cvad in combination with ofatumumab for
adult patients (pts) with cd-20 positive acute lymphoblastic
leukemia (ALL). Blood. 2015;126:1295.

1664

Mayo Clin Proc.

n

86. Faderl S, Kantarjian HM, Thomas DA, et al. Outcome of
Philadelphia chromosome-positive adult acute lymphoblastic
leukemia. Leuk Lymphoma. 2000;36(3-4):263-273.
87. Thomas X, Thiebaut A, Olteanu N, et al. Philadelphia chromosome positive adult acute lymphoblastic leukemia: characteristics, prognostic factors and treatment outcome. Hematol
Cell Ther. 1998;40(3):119-128.
88. Dombret H, Gabert J, Boiron JM, et al; Groupe d’Etude et de
Traitement de la Leucémie Aiguë Lymphoblastique de
l’Adulte (GET-LALA Group). Outcome of treatment in adults
with Philadelphia chromosome-positive acute lymphoblastic
leukemiadresults of the prospective multicenter LALA-94
trial. Blood. 2002;100(7):2357-2366.
89. Tanguy-Schmidt A, Rousselot P, Chalandon Y, et al. Longterm follow-up of the imatinib GRAAPH-2003 study in newly
diagnosed patients with de novo Philadelphia chromosomepositive acute lymphoblastic leukemia: a GRAALL study. Biol
Blood Marrow Transplant. 2013;19(1):150-155.
90. Fielding AK, Rowe JM, Buck G, et al. UKALLXII/ECOG2993:
addition of imatinib to a standard treatment regimen enhances long-term outcomes in Philadelphia positive acute
lymphoblastic leukemia. Blood. 2014;123(6):843-850.
91. Thomas DA, Faderl S, Cortes J, et al. Treatment of Philadelphia chromosome-positive acute lymphocytic leukemia with
hyper-CVAD and imatinib mesylate. Blood. 2004;103(12):
4396-4407.
92. Thomas DA, O’Brien SM, Faderl S, et al. Long-term outcome
after hyper-CVAD and imatinib (IM) for de novo or minimally
treated Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph-ALL) [abstract]. J Clin Oncol. 2010;28(15,
suppl):6506.
93. Schultz KR, Bowman WP, Aledo A, et al. Improved early
event-free survival with imatinib in Philadelphia
chromosome-positivie acute lymphoblastic leukemia: a Children’s Oncology Group study. J Clin Oncol. 2009;27(31):
5175-5181.
94. Chalandon Y, Thomas X, Hayette S, et al; Group for Research
on Adult Acute Lymphoblastic Leukemia (GRAALL). Randomized study of reduced-intensity chemotherapy combined
with imatinib in adults with Ph-positive acute lymphoblastic
leukemia [published correction appears in Blood. 2015;
126(10):1261]. Blood. 2015;125(24):3711-3719.
95. Jones D, Thomas D, Yin CC, et al. Kinase domain point mutations in Philadelphia chromosome-positive acute lymphoblastic leukemia emerge after therapy with BCR-ABL kinase
inhibitors. Cancer. 2008;113(5):985-994.
96. Bujassoum S, Rifkind J, Lipton JH. Isolated central nervous system relapse in lymphoid blast crisis chronic myeloid leukemia
and acute lymphoblastic leukemia in patients on imatinib therapy. Leuk Lymphoma. 2004;45(2):401-403.
97. Hu Y, Liu Y, Pelletier S, et al. Requirement of Src kinases Lyn,
Hck and Fgr for BCR-ABL1-induced B-lymphoblastic leukemia
but not chronic myeloid leukemia. Nat Genet. 2004;36(5):
453-461.
98. Porkka K, Koskenvesa P, Lundán T, et al. Dasatinib crosses the
blood-brain barrier and is an efﬁcient therapy for central nervous system Philadelphia chromosome-positive leukemia.
Blood. 2008;112(4):1005-1012.
99. Ravandi F, O’Brien SM, Cortes JE, et al. Long-term follow-up
of a phase 2 study of chemotherapy plus dasatinib for the
initial treatment of patients with Philadelphia chromosomepositive acute lymphoblastic leukemia. Cancer. 2015;121(23):
4158-4164.
100. Ravandi F, Othus M, O’Brien S, et al. Multi-center US intergroup of intensive chemotherapy plus dasatinib followed by
allogeneic stem cell transplant in patients with Philadelphia
chromosome positivie acute lymphoblastic leukemia younger
than 60 [abstract]. Blood. 2015;126(3):796.
101. Rousselot P, Coudé MM, Gökbuget N, et al; European Working Group on Adult ALL (EWALL). Dasatinib and low-

November 2016;91(11):1645-1666

n

http://dx.doi.org/10.1016/j.mayocp.2016.09.010
www.mayoclinicproceedings.org

ADULT ACUTE LYMPHOBLASTIC LEUKEMIA

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

intensity chemotherapy in elderly patiens with Philadelphia
chromosome-positive ALL. Blood. 2016;128(6):774-782.
Chiaretti S, Vitale A, Elia L, et al. Multicenter total therapy
Gimema LAL 1509 protocol for de novo adult Phþ acute
lymphoblastic leukemia (ALL) patients: updated results and
reﬁned genetic-based prognostic stratiﬁcation [abstract]. Blood.
2015;126(23):81.
Ottmann OG, Pfeifer H, Cayuela J-M, et al. Nilotinib
(Tasigna) and chemotehrapy for ﬁrst-line treatment in
elderly patients with de novo Philadelphia chromosome/
BCR-ABL1 positive acute lymphoblastic leukemia (ALL): a trial
of the European Working Group for Adult ALL (EWALL-PH02) [abstract]. Blood. 2014;124:798.
O’Hare T, Shakespeare WC, Zhu X, et al. AP24534, a
pan-BCR-ABL inhibitor for chronic myeloid leukemia, potently
inhibits the T315I mutant and overcomes mutation-based
resistance. Cancer Cell. 2009;16(5):401-412.
Iclusig (ponatinib) [prescribing information]. Cambridge, MA:
ARIAD Pharmaceuticals; 2015.
Cortes JE, Kim DW, Pinilla-Ibarz J, et al. Long-term follow-up
of ponatinib efﬁcacy and safety in the phase 2 PACE trial.
Blood. 2014;124:3135.
Sasaki K, Kantarjian HM, Ravandi F, et al. Updated results from
phase II study of combination of hyper-CVAD (HCVAD) with
ponatinib in frontline therapy of patients (pts) with Philadelphia chromosome-positive (Phþ) acute lymphoblastic leukemia (ALL). J Clin Oncol. 2016;34(15, suppl):7036.
Sasaki K, Kantarjian HM, Ravandi F, et al. Propensity score analysis: frontline therapy with hyper-CVAD (HCVAD) þ ponatinib vs. HCVAD þ dasatinib in patients (pts) with
Philadelphia chromosome-positive (Phþ) acute lymphoblastic
leukemia (ALL). J Clin Oncol. 2016;34(15, suppl):7025.
Ravandi F, Jorgensen JL, Thomas DA, et al. Detection of
MRD may predict the outcome of patients with Philadelphia chromosome-positive ALL treated with tyrosine kinase inhibitors plus chemotherapy. Blood. 2013;122(7):
1214-1221.
Short NJ, Jabbour E, Sasaki K, et al. Impact of complete molecular response on survival in patients with Philadelphia
chromosome-positive acute lymphoblastic leukemia. Blood.
2016;128(4):504-507.
Wassmann B, Pfeifer H, Goekbuget N, et al. Alternating versus
concurrent schedules of imatinib and chemotherapy as frontline therapy for Philadelphia-positive acute lymphoblastic leukemia (Phþ ALL). Blood. 2006;108(5):1469-1477.
Zhang J, Ding L, Holmfeldt L, et al. The genetic basis of early
T-cell precursor acute lymphoblastic leukaemia. Nature. 2012;
481(7380):157-163.
Arranon (nelarabine) package insert. Research Triangle Park,
NC: GlaxoSmithKline; 2011.
DeAngelo DJ. Nelarabine for the treatment of patients with
relapsed or refractory T-cell acute lymphoblastic leukemia
or lymphoblastic lymphoma. Hematol Oncol Clin North Am.
2009;23(5):1121-1135.
Jain N, Lamb AV, O’Brien S, et al. Early T-cell precursor acute
lymphoblastic leukemia/lymphoma (ETP-ALL/LBL) in adolescents and adults: a high-risk subtype. Blood. 2016;127:18631869.
Tavernier E, Boiron JM, Huguet F, et al; GET-LALA Group;
Swiss Group for Clinical Cancer Research SAKK; Australasian
Leukaemia and Lymphoma Group. Outcome of treatment
after ﬁrst relapse in adults with acute lymphoblastic leukemia
initially treated by the LALA-94 trial. Leukemia. 2007;21(9):
1907-1914.
Gökbuget N, Stanze D, Beck J, et al; German Multicenter
Study Group for Adult Acute Lymphoblastic Leukemia.
Outcome of relapsed adult lymphoblastic leukemia depends
on response to salvage chemotherapy, prognostic factors,
and performance of stem cell transplantation. Blood. 2012;
120(10):2032-2041.

Mayo Clin Proc. n November 2016;91(11):1645-1666
www.mayoclinicproceedings.org

n

118. Kantarjian HM, Thomas D, Ravandi F, et al. Deﬁning
the course and prognosis of adults with acute lymphocytic leukemia in ﬁrst salvage after induction failure or
short ﬁrst remission duration. Cancer. 2010;116(24):
5568-5574.
119. Blincyto (blinatumomab) [prescribing information]. Thousand
Oaks, CA: Amgen Inc; 2014.
120. Nagorsen D, Kufer P, Baeuerle PA, Bargou R. Blinatumomab: a
historical perspective. Pharmacol Ther. 2012;136(3):334-342.
121. Sanford M. Blinatumomab: ﬁrst global approval. Drugs. 2015;
75(3):321-327.
122. Topp MS, Gökbuget N, Zugmaier G, et al. Long-term followup of hematologic relapse-free survival in a phase 2 study of
blinatumomab in patients with MRD in B-lineage ALL. Blood.
2012;120(26):5185-5187.
123. Gökbuget N, Dombret H, Bonifacio M, et al. Long-term outcomes after blinatumomab treatment: follow-up of a phase 2
study in patients (Pts) with minimal residual disease (MRD)
positive B-cell precursor acute lymphoblastic leukemia (ALL)
[abstract]. Blood. 2015;126:680.
124. Topp MS, Gökbuget N, Stein AS, et al. Safety and activity
of blinatumomab for adult patients with relapsed or refractory B-precursor acute lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 2015;
16(1):57-66.
125. Topp MS, Stein A, Gökbuget N, et al. Blinatumomab improved
overall survival in patients with relapsed or refractory Philadelphia
negative B-cell precursor acute lymphoblastic leukemia in a randomized, open-label phase 3 study (TOWER) [abstract S149].
European Hematology Association Learning Center website.
http://learningcenter.ehaweb.org/eha/2016/21st/135182/max.
topp.blinatumomab.improved.overall.survival.in.patients.with.
relapsed.or.html?f¼m3s168109e968. Accessed September 21,
2016.
126. Martinelli G, Dombret H, Chevallier P, et al. Complete molecular and hematologic response in adult patients with
relapsed/refractory (R/R) Philadelphia chromosome-positive
B-precursor acute lymphoblastic leukemia (ALL) following
treatment with blinatumomab: results from a phase 2
single-arm, multicenter study (ALCANTARA) [abstract].
Blood. 2015;126:679.
127. Topp M, Gokbuget N, Zugamier G, et al. Effect of anti-CD19
bite blinatumomab on complete remission rate and overall
survival in adult patients with relapsed/refractory B-precursor
ALL. J Clin Oncol. 2012;30:6500.
128. Advani A, Coifﬁer B, Czuczman MS, et al. Safety, pharmacokinetics, and preliminary clinical activity of inotuzumab ozogamicin, a novel immunoconjugate for the treatment of B-cell
non-Hodgkin’s lymphoma: results of a phase I study. J Clin
Oncol. 2010;28(12):2085-2093.
129. Kantarjian H, Thomas D, Jorgensen J, et al. Inotuzumab ozogamicin, an anti-CD22-calecheamicin conjugate, for refractory
and relapsed acute lymphocytic leukaemia: a phase 2 study.
Lancet Oncol. 2012;13(4):403-411.
130. Kantarjian H, Thomas D, Jorgensen J, et al. Results of inotuzumab ozogamicin, a CD22 monoclonal antibody, in refractory
and relapsed acute lymphocytic leukemia. Cancer. 2013;
119(15):2728-2736.
131. Advani AS, Stein AS, Kantarjian HM, et al. A phase II study of
weekly inotuzumab ozogamicin (InO) in adult patients with
CD22-positive acute lymphoblastic leukemia (ALL) in second
or later salvage [abstract]. Blood. 2014;124:2255.
132. Kantarjian HM, DeAngelo DJ, Stelljes M, et al. Inotuzumab
ozogamicin versus standard therapy for acute lymphoblastic
leukemia. N Engl J Med. 2016;375(8):740-753.
133. Sasaki K, Kantarjian HM, O’Brien S, et al. Salvage chemotherapy with inotuzumab ozogamicin (INO) combined with
mini-hyper-CVD for adult patients with relapsed/refractory
(R/R) acute lymphoblastic leukemia (ALL) [abstract]. Blood.
2015;126(23):3721.

http://dx.doi.org/10.1016/j.mayocp.2016.09.010

1665

MAYO CLINIC PROCEEDINGS

134. Batlevi CL, Matsuki E, Brentjens RJ, Younes A. Novel immunotherapies in lymphoid malignancies. Nat Rev Clin Oncol. 2016;
13(1):25-40.
135. Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen
receptor-modiﬁed T cells for acute lymphoid leukemia.
N Engl J Med. 2013;368(16):1509-1518.
136. Park JH, Riviere I, Wang X, et al. Implications of minimal residual disease negative complete remission (MRD-CR) and

1666

Mayo Clin Proc.

n

allogenic stem cell transplant on safety and clinical outcome
of CD19-targeted 19-28z CAR modiﬁed T cells in adult patients with relapsed, refractroy B-cell ALL [abstract]. Blood.
2015;126(23):682.
137. Grupp SA, Maude SL, Shaw PA, et al. Durable remissions in
children with relapsed/refractory ALL treated with T cells
engineered with a CD19-targeted chimeric antigen receptor
(CTL019) [abstract]. Blood. 2015;126(23):681.

November 2016;91(11):1645-1666

n

http://dx.doi.org/10.1016/j.mayocp.2016.09.010
www.mayoclinicproceedings.org

