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Abstract Chemotherapy cures only a minority of adult pa-
tients with acute lymphoblastic leukemia (ALL). In addition,
relapsed ALL has a poor outcome with 5-year survival as low
as 7 %. Hence, there is a need to develop effective therapies to
treat relapsed disease and to combine these agents with che-
motherapy to improve outcomes in newly diagnosed patients.
ALL cells express several antigens amenable to target thera-
pies including CD19, CD20, CD22, and CD52. Over the last
decade, there has been a surge in the development of immune
therapies which target these receptors and that have induced
robust responses. In this manuscript, we review these novel
immune agents in the treatment of B-ALL. As these new
therapies mature, the challenge going forward will be to find
safe and effective combinations of these agents with chemo-
therapy and to determine their place in the current treatment
schema.
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Introduction

Acute lymphoblastic leukemia (ALL) is a hematologic malig-
nancy in which uncontrolled proliferation of lymphoblasts (of
B or T cell origin) occurs in the bone marrow, blood, and/or
tissues. ALL has a bimodal distribution with roughly 60 % of
cases diagnosed in patients younger than 20 years of age,
accounting for nearly 80 % of childhood leukemias. The sec-
ond peak is around the fifth decade of life and accounts for
only 20 % of leukemia diagnoses overall in adults. According
to the Surveillance, Epidemiology, and End Results Program
(SEER), approximately 6250 new cases of ALL and 1450
deaths will occur in 2015 [1]. Currently, pediatric patients with
ALL have dramatic cure rates with 95 % complete remission
(CR) and estimated 5-year survival rates (EFS) of 80–85 %
[2]. Although the current adult regimens have CR rates of
~85 %, the 3-year disease-free survival (DFS) and overall
survival (OS) remain <40 % [3, 4]. Adult patients are at a
higher risk of relapse secondary to high-risk disease factors
at diagnosis which include adverse cytogenetics such as the
Philadelphia chromosome (Ph+), chromosome defined as
t(9;22) (q34;q11.2), ‘Ph-like disease’ identified recently by
gene expression profiling which clusters with BCR-ABL1-
positive ALL accounting for 15–20 % of adolescent and
young adult (AYA) ALL and which is associated with unfa-
vorable outcome [5], translocations involving the mixed line-
age leukemia gene (MLL) on chromosome 11q23, persistent
minimal residual disease (MRD) after treatment, and poor
tolerance of intense and prolonged chemotherapy protocols.
The incorporation of targeted agents into the treatment regi-
mens of adult ALL has improved survival in several subsets of
patients [6–9].

Multiagent cytotoxic chemotherapy has had a great success
in pediatric age groups, but the same success has not been
reproduced in adults despite modifications in the regimens.
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Moreover, results are modest in the setting of relapsed or
refractory ALL where the CR rates are 30–40 % in first sal-
vage and drop down to 10–20 % in later salvages. However,
for the majority of newly diagnosed adults, despite the ability
to achieve a CR, these CR are seldom durable and only a few
can be bridged to allogeneic stem cell transplantation (ASCT),
with transplant rates ranging from a low of 5 % to as high as
40 % in some German trials [10, 11]. Three recent cytotoxic
agents have been approved for patients with relapsed or re-
fractory ALL, clofarabine, nelarabine, and vincristine sulfate
liposomal, demonstrating respective CR rates in adult patients
of 17, 31, and 20 % [12–14]. In this review, we will discuss
alternative therapeutic agents, some of which are completely
novel, others of which are more established in the treatment of
other malignancies. We will discuss clinical trials with
antibody-based therapy, including naked antibodies (rituxi-
mab, epratuzumab, alemtuzumab); the bispecific Tcell engag-
ing (BiTE) antibody, blinatumomab; the immunoconjugate,
inotuzumab ozogamicin; and chimeric antigen receptor
(CAR)T cell therapy. We will also briefly discuss NOTCH
inhibitors, FMS-related targeted kinase-3 (FLT3), and other
cell signaling inhibitors and proteasome inhibitors.

Monoclonal Antibodies

One of the most exciting groups of compounds under inves-
tigation in ALL is the monoclonal antibodies. Lymphoblasts
express several cell surface antigens that can serve as targets
for monoclonal antibodies. More than 95 % of B cell ALL
express CD19 and more than 90 % express CD22, thereby
making them attractive targetable sites. There are four differ-
ent monoclonal antibody constructs that are currently been
developed in ALL: (1) the naked antibodies, rituximab,
epratuzumab, and alemtuzumab, that destroy and target cell
through antibody-dependent cell-mediated cytotoxicity
(ADCC); (2) inotuzumab ozogamicin and SGN 19a which
are antibody drug conjugates; (3) SAR3419 and combotox
which are antibody immunotoxins; and (4) the BiTE single-
chain antibody, blinatumomab (Fig. 1). Details on clinical
trials with these agents are listed in Table 1.

CD20-Directed Therapy

Rituximab

Rituximab is humanized murine anti-CD20 monoclonal
antibody, originally developed and approved for treatment
of non-Hodgkin’s lymphoma. Addition of rituximab to
hyper-CVAD (R-hyper-CVAD: rituximab, cyclophospha-
mide, vincristine, doxorubicin, and dexamethasone, alter-
nating with cytarabine and methotrexate) in newly

diagnosed Ph-negative CD20-positive ALL demonstrated
an improved 3-year rates of CR duration (CRD), a lower
relapse rate, and an improved OS, but only in younger
patients under the age of 60 years compared with historical
controls (3-year CRD of 70 vs. 38 %; p< 0.001 and OS of
75 vs. 47 %, p = 0.003). However, older patients with
CD20-positive ALL did not seem to benefit from R-
hyper-CVAD regimen [15]. The German Multicenter
Study Group for ALL (GMALL) also reported an improve-
ment in 3-year CR duration and OS survival rates (64 vs.
58 %, p= 0.009 and 75 vs. 54 %, no p value given) with the
addition of rituximab to standard induction and consolida-
tion chemotherapy in patients who are <55 years of age
[16]. As a result of these studies, the French multicenter
phase 3 study, Group for Research on Adult Acute
Lymphoblastic Leukemia (GRAALL-R) 2005, explored
the use of rituximab in patients under 60 years of age.
They enrolled a total of 205 patients: 105 in the rituximab
arm and 104 in the control arm. Preliminary results dem-
onstrate improvement in 2-year event-free survival (65 vs.
52 %) with addition of rituximab to standard GRAALL
chemotherapy [17•]. This study established rituximab
combined with chemotherapy as a standard of care for pa-
tients with CD20-positive ALL.

Ofatumumab

Ofatumumab is a second-generation humanized anti-CD20
antibody that binds to a proximal small loop epitope of
CD20, different from that of rituximab. Early results of a
phase 2 study of ofatumumab combined with hyper-CVAD
in pre-B CD20-positive ALL were highly effective, and at a
median follow-up of 14 months, the 1-year DFS and OS rates
were 94 and 92 %, respectively. The rates for CR and MRD
negativity were both 96 % [18].

Obinutuzumab

Obinutuzumab is a novel type 2 glycoengineered humanized
IgG1 CD20 monoclonal antibody. It is a third-generation anti-
CD20 antibody that is superior to rituximab and ofatumumab
in induction of cell death. As of now, there is no clinical trial
data available for its use in ALL.

Anti-CD22 Antibodies

Epratuzumab

Epratuzumab is a naked unconjugated humanized immuno-
globulin G1 (IgG1) directed against CD22. The Children’s
Oncology Group (COG) evaluated epratuzumab combined
with standard COG reinduction chemotherapy and compared
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the combination to historical controls with the same che-
motherapy backbone. The CR rate was identical in both
arms (65 vs. 66 %); however in those patients achieving a
second CR, more patients achieved negative MRD status
(42 vs. 25 %, p= 0.001) [19]. In adult ALL, the Southwest
Oncology Group evaluated epratuzumab combined with
clofarabine plus cytarabine in 31 patients experiencing
first or later relapse. Overall, 16 patients (52 %)
responded with 10 CR and 6 CR with incomplete

recovery of neutrophils or platelets (CRi). The median
survival was 5 months. Of the 16 responding patients,
only 6 had MRD assessed. Of these, only one became
MRD negative (<0.01 %), and this patient survived for
11 months [20]. A randomized phase III trial in children
with relapsed ALL (IntReALL) evaluating chemotherapy
with or without epratuzumab is currently recruiting pa-
tients and should better define the role of this antibody
(NCT01802814).

Fig. 1 Mechanisms of action monoclonal antibody conjugates. a Naked
(unconjugated) antibodies. b Bispecific T cell engaging antibody. c
Antibodies linked to toxins. d Antibodies linked to drugs. e Chimeric

antigen receptor T cells. Image reproduced with permission of the rights
holder: Parikh SA, Litzow MR. Future Oncology (2014)10(14)

Curr Hematol Malig Rep (2016) 11:253–264 255



Table 1 Monoclonal antibodies

Target Drug Clinical trial Results Reference Ongoing clinical trials

CD20 Rituximab (R) Phase III, GRAALL2005 2-year EFS 65 % with (R) vs. 52 %
without (R)

17 GRAALL 2005 is ongoing
(NCT00327678)

2-year OS 75 vs. 63 %

Ofatumumab Phase II, ofatumumab with
hyper-CVAD

At 14 months–1-year DFS 94 %
and OS 92 %

18 Hyper-CVAD + ofatumumab in
CD20 + ALL (NCT01363128)
is ongoing

Obinutuzumab Preclinical None None

CD22 Epratuzumab Phase II, epratuzumab with
clofarabine and
cytarabine

RR (CR + CRi) 52 % 20 Phase III trial IntReALL
(NCT01802814)Median survival 5 months

Unclear OS benefit, may improve
MRD

Inotuzumab
ozogamicin (IO)

1. Phase II, R/R ALL ORR of 57 % 22 SWOG S1312 phase 1 study, IO +
combination chemotherapy
(CVP) in treating patients with
relapsed or refractory acute
leukemia (NCT01925131

Median survival 5.1 months

2. Weekly dosing:
multicenter phase I/II
study

ORR (CR/CRi) 68 % 24
86 % MRD

3. Phase III trial, compared
with standard
chemotherapy

ORR 80.7 vs. 33.3 % 25
MRD negative 78 vs. 28 %

4. Patients >60 years:
inotuzumab + low-
intensity hyper-CVD

ORR (CR + CRi) 96 % 26
MRD negative 96 %

1-year PFS 86 %, 1-year OS 81 %

Moxetumomab
pasudotox

Phase I study 70 % patients showed reduction in
blasts and four patients cleared.
No CRs or PR

29 Moxetumomab pasudotox (CAT
8015, HA22) in children with
B-lineage ALL and MRD prior
to allogeneic HSCT (study
terminated) NCT02338050

Anti-CD19 SAR3419 Phase II study as
monotherapy

ORR 25.5 %, DOR 1.9 months–
study terminated due to modest
activity

33

Denintuzumab
mafadotin (SGN-
CD19a)

Phase 1 study ORR (CR/CRi) 19 % with weekly
regime and 35 % with three
weekly regimen

34 Phase II study in relapsed/
refractory Ph + ALL is ongoing

Median response 27 weeks

Ph + ALL 50 % CR and 10 % PR

Combotox Phase 1 study CR in three patients, six patients
decrease of >95 % blasts

35 Immunotoxin therapy and
cytarabine in treating patients
with R/R B cell ALL
(NCT01408160)

Blinatumomab 1. MRD-positive disease 80 % achieved MRD negative.
Long-term data MRD-negative
patients lived longer (35.2 vs.
7.1 months)

38 1. Phase III ECOG 1910 trial
evaluating blinatumomab
during consolidation in adults
with newly diagnosed Ph-
negative ALL (NCT02003222)

2. Phase II study for R/R
ALL in the salvage
setting

ORR (CR/CRi) 69 % 41 2. TOWER trial: blinatumomab
vs. investigators’ choice of
therapy in adult patients with
R/R precursor B cell ALL
(NCT0201367)

MRD negative 88 %

Median OS 9.8 months

Median DFS 7.1 months

3. Multicenter phase II
study R/R ALL
(NCT01466179)

ORR 43 % (33 % CR and 10 %
CRh)

42

MRD negative 82 %

ORR overall response rate, CR complete response, CRi complete response with incomplete blood count recovery, CRh complete response with partial
hematologic recovery,MRDminimal residual disease,OS overall survival,DOR duration of response,R/R relapsed/refractory,DFS disease-free survival,
CVD cyclophosphamide, vincristine and dexamethasone, PR partial response, HSCT hematopoietic stem cell transplantation
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Inotuzumab Ozogamicin

Inotuzumab ozogamicin (IO) is a humanized IgG4, anti-CD22
monoclonal antibody conjugated to calicheamicin, a natural
product of Micromonospora echinospora, a potent cytotoxic
compound that induces double-strand DNA breaks [21]. A
single-institution phase 2 study in patients with relapsed and/
or refractory ALL showed an ORR of 57 % and a median
survival of 5.1 months. Nearly half the patients treated with
IO were able to proceed to ASCT, including four patients who
were receiving their second ASCT. Survival was similar
whether patients underwent subsequent ASCT or not [22].
Two studies, a single-center study and a multicenter phase
1/2, have explored weekly dosing schedules with IO using
0.8 mg/m2 on day 1 and 0.5 mg/m2 on days 8 and 15 repeated
every 3–4 weeks. The single-center study evaluated 41 pa-
tients with CR and CRi rates at 20 and 32 %, respectively,
with 78% of responding patients achieving anMRD-negative
status. The median survival was 9.5 months [23]. These re-
sults were similar to the multicenter trial where 72 patients
were evaluated demonstrating an ORR (CR and CRi) of 68
with 86 % of patients achieving a negative MRD status [24].
These studies support weekly IO dosing as it is as effective as
and possibly better tolerated than the every 3–4 weeks of
dosing. IO was recently evaluated in a phase 3 trial compared
with standard chemotherapy in patients with relapsed ALL in
first or second salvage where it showed an improved ORR of
80.7 vs. 33.3 % (p<0.0001) in the IO arm vs. the standard
chemotherapy arm. In addition, MRD-negative status was
achieved in78% of patients with IO as against 28 % with
standard chemotherapy arm [25].

IO has also demonstrated encouraging results in combina-
tion with low-intensity hyper-CVD (rituximab, dexametha-
sone, cyclophosphamide, vincristine, and intrathecal chemo-
therapy) in elderly patients. The regimen eliminates doxoru-
bicin and uses cyclophosphamide and steroids at 50 % of the
dose of the standard regimen and reduces methotrexate to
250 mg/m2 on day 1 and cytarabine to 0.5 mg/m2 for four
doses (days 2 and 3) of even courses. IO 1.3 to 1.8 mg/m2

was given once with each of the first four courses. Of the 28
patients treated with this combination, 27 patients (96 %)
achieved a CR/CRi (21 CR/5 CRi). All patients achieving
CR/CRi have also achieved flow cytometric MRD-negative
status. The 1-year PFS and OSwere 86 and 81%, respectively
[26•]. The 1-year survival rate was superior to previous results
obtained with HCVAD ± rituximab in similar patient popula-
tions. Finally, SWOG S1312 is currently accruing patients,
and this trial uses a standard dose of CVP with a dose
escalation of IO given on a fractionated schedule. The ad-
vantage is the potential synergy with cyclophosphamide/
prednisone and IO as well as the possibility that a lower
dose of IO may lead to a lower risk of sinusoidal obstruc-
tion syndrome (SOS) [27].

The adverse events with IO include liver function abnor-
malities, thrombocytopenia, and veno-occlusive disease
(VOD) especially in patients who proceed to ASCT. The ma-
jority of abnormal liver function tests are reversible. The an-
tibody conjugation of IO is similar to gemtuzumab
ozogamicin, a humanized anti-CD33 monoclonal antibody
attached to calicheamicin used for treatment of relapsed
CD33+ AML, and this is associated with elevated liver func-
tion tests and VOD, especially among patients who had allo-
geneic hematopoietic stem cell transplantation (HSCT). In one
of the studies with IO, elevations of liver function tests were
common adverse events (e.g., increased AST and
hyperbilirubinemia in 41 and 22 % in patients treated at
MTD, respectively). However, grade 3 or 4 elevations of liver
function tests were uncommon. One patient had VOD, and he
had a medical history significant for VOD-like syndrome with
prior therapy [28]. Further studies are needed to define risk of
hepatotoxicity and VOD with IO. Currently, all studies with
IO exclude patient with active hepatitis, patients with cirrhosis
or other serious liver disease, or with suspected alcohol abuse.

VOD after allogeneic HSCT remains a major concern, and
this may partly be attributable to preparative regimens con-
taining double alkylating agents. In a recent study in multiply
relapsed ALL, more patients were able to achieve CRwith IO,
with nearly half of the patients experiencing eradication of
MRD, and this has allowed for more patients to be eligible
for transplantation and better transplantation outcomes [29].
The rate of NRM at 6 months was 32 % with five deaths
attributed to VOD. The rates of VOD after transplantation
vary widely in literature, ranging from 0 to 38 % based on
the intensity of the conditioning regimen [30, 31]. Total-body
irradiation (TBI) regimens have historically been associated
with higher rates of VOD up to 54 % [32], and thiotepa com-
bined with other alkylating agents is also associated with high
rates of VOD [33]. In this study, the VOD rates were 19 % as
majority of these patients were heavily pretreated, and major-
ity received myeloablative conditioning regimens including
three patients who received TBI-based preparative regimens
[29]. Hence, great care needs to be taken in selecting the
transplantation regimen and avoiding myeloablative double
alkylator combinations that have historically been associated
with increased risk for hepatic injury.

Moxetumomab Pasudotox (HA22) and BL22

The immunoconjugate BL22 (CAT 3888) is a monoclonal
antibody directed against CD22 fused to a 38-kDa fragment
Pseudomonas aeruginosa exotoxin A (RFB4[dsFv]-PE38). In
a phase I study in 23 patients with childhood ALL, 16 (70 %)
showed reductions of leukemic blasts and 4 patients had clear-
ance of peripheral blasts, but no objective CRs or partial re-
sponses were noted [34].
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HA22 is a second-generation immunoconjugate similar to
BL22 with a 15-fold increase in binding affinity to surface
CD22. This was initially called high-affinity BL22 (HA22)
and later named moxetumomab pasudotox. In a phase 1 study
in children with relapsed refractory ALL, among the 21 chil-
dren and young adults, 17 were evaluable for analysis. Among
these, 24 % achieved CR, 6 % had partial response (PR), and
47 % had hematologic improvement for an overall activity
rate of 70 % [35]. Currently, studies are underway with higher
doses of moxetumomab in pediatric and adult ALL patients.

Anti-CD19 Antibodies

CD19 is ubiquitously expressed on B cells and is known to
internalize on binding of antibody. This makes it an attractive
target for immunoconjugate therapy.

SAR3419 (Coltuximab Ravtansine)

SAR3419 is a humanized anti-CD19monoclonal antibody con-
jugated to maytansin DM4, a potent tubulin inhibitor that binds
to the same site as vincristine. Maytansinoids are far more po-
tent than vinca alkaloids and are associated with excessive sys-
temic toxicity such that the development of these compounds
was halted early. In preclinical models, SAR3419 significantly
delayed the progression of four of four CD19-positive B cell
precursor ALL and three of three mixed lineage leukemia xe-
nografts and induced objective responses in all but one xeno-
graft but was ineffective against T-lineage ALL xenografts [36].
In phase 1 studies in patients with relapsed refractory B cell
lymphoma, the dose-limiting toxicity was reversible severe
blurred vision associated with reversible corneal changes [37].
The phase 2 study in adult patients with relapsed or refractory
ALL was stopped early due to very modest activity [38].

Denintuzumab Mafadotin (SGN-CD19A)

SGN-CD19A is a novel humanized anti-CD19 monoclonal
antibody conjugated to the microtubule—disrupting agent
monomethyl auristatin F (MMAF) via a maleimidocaproyl
(mc) linker. In a phase 1 dose escalation study of SGN-
CD19A, among the 71 adult patients with relapsed or refrac-
tory B-ALL and highly aggressive lymphomas including B
cell lymphoblastic lymphoma and Burkitt lymphoma, 59 B-
ALL patients were evaluable for response. Six patients (19 %)
treated weekly achieved composite CR (CR or CRi), and eight
patients (35 %) treated every 3 weeks achieved composite CR.
The median response was 27 weeks. Fifty-four percent of pa-
tients across both schedules achieved cytoreduction of greater
than 50 %. In the subset of patients with Ph-positive B-ALL,
four of the eight patients (50 %) achieved CR and one patient
(10 %) a PR. SGN-CD19Awas generally well tolerated with
superficial microcystic keratopathy as the most common

toxicity, observed in 40 patients (56 %); symptoms were less
severe than the associated corneal findings. Keratopathy was
managed with topical steroids and dose modifications and
improved/resolved within a median of 3 weeks (1–17 weeks)
in patients with sufficient follow-up [39].

Combotox

Combotox is an immunoconjugate, a 1:1 mixture of RFB4-
dgA and HD37-dgA which are immunotoxins that target the
CD22 and CD19 antigens, respectively. In a phase 1 dose
escalation study using combotox in children with refractory
or relapsed B-lineage ALL, 17 children were enrolled. Three
patients experienced CR, six additional patients experienced a
decrease of >95 % in their peripheral blood blast counts, and
one experienced a decrease of 75 %. The maximum tolerated
dose was 5 mg/m2 [40]. Unfortunately, in adult patients, the
peripheral blast counts rebounded rapidly after the last dose of
combotox, suggesting that continued combotox administra-
tion at lower doses may lead to more durable remissions
[41]. Combination studies with combotox and cytarabine are
ongoing in adult patients with relapsed or refractory B cell
ALL (NCT01408160).

Blinatumomab (MT103 or MEDI-538)

Blinatumomab is a BiTE antibody with variable regions rec-
ognizing both CD3 and CD19, with the anti-CD3 engaging
cytotoxic T cells and the anti-CD19 recognizing lympho-
blasts. On binding to CD19, the cytotoxic T cells become
activated and induce cell death via the pore-forming perforin
system. Because of this mechanism, the drug causes signifi-
cant lymphopenia [42]. The first study with blinatumomab
was used as a continuous infusion in patients with B cell
ALL in morphologic remission but detectable MRD. Of the
20 evaluable patients with MRD data, 16 (80 %) achieved a
negative MRD status after 1 cycle of blinatumomab at a dose
of 15 mcg/m2/day, including three of the five patients who
were Ph+ [43]. Long-term data from 116 patients were recent-
ly reported [44]. Ninety patients received HSCT after
blinatumomab. Sixty-two (53 %) patients are still being
followed, 35 patients relapsed, and 26 patients died in CR
(23 of them after subsequent HSCT). Median OS with a me-
dian follow-up of 29.5 months was 36. 5 months (95 % CI,
19.1 months to not reached (n.r.); 40.4 vs. 12.0 (p=0.001)) in
patients with or without MRD complete response in cycle 1
(patients with MRD, 88 and without MRD, 35). Of the 110
patients evaluable for relapse free survival (RFS), and duration
of remission (DOR), the median RFS was 18.9 months [24.6
vs.11.0months (p=0.005)] in patients treated in first CR vs. later,
and 35.2 vs. 7.1 (p=0.002) in patients alive and relapse free after
45 days with or without MRD complete response in cycle 1.
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Median DOR was n.r. vs. 15.0 months in patients treated in
first CR vs. later remission and n.r. vs. 15 months in patients
with DOR≥45 days with or without MRD complete response
in cycle 1. Further statistical analyses showed no difference
for OS or DFS for patients undergoing HSCT vs. no HSCT.
However, DORwas longer for HSCT vs. noHSCT (HR, 0.36;
95 % CI 0.17 to 0.77; p=0.008). All patients experienced one
adverse event; most common events included tremor (30 %),
aphasia (13 %), dizziness (8 %), ataxia, and paresthesias. This
long-term study thus far demonstrates that patients who
achievedMRD negativity lived significantly longer than those
who did not achieve MRD-negative status [44].

There are twomulticenter trials and one German trial which
have studied blinatumomab in the salvage setting. The largest
is the phase 2 study which enrolled 189 adult patients with Ph-
negative precursor B cell ALL. Patients had to have at least
10 % blasts and either primary refractory disease or relapse
within 12 months of chemotherapy or ASCT. Prior ASCTwas
noted in 34 % of patients, and 39 % had received two or more
lines of prior therapy. Patients who had CNS involvement,
testicular involvement, autoimmune disease, active GVHD,
recent transplantation, and significant liver or renal dysfunc-
tion were excluded [45•]. After 2 cycles, 81 patients (43 %)
had achieved CR or CRh: 63 (33 %) patients had CR and 18
(10 %) patients had CRh. Thirty two (40 %) of patients who
achieved CR/CRh underwent subsequent allogeneic HSCT.
The most frequent grade 3 or worse complications were fe-
brile neutropenia (25 %), neutropenia (16 %), and anemia.
Three (2 %) patients had grade 3 cytokine release syndrome
(CRS) [45•]. No baseline features predicted response to
blinatumomab except for low burden disease at the time of
treatment. CD19 negative and extramedullary relapse have
been observed after blinatumomab therapy [43, 46].

Blinatumomab has also been studied in morphologic re-
lapsed and refractory B-ALL. The initial study explored three
dose levels, and a reduced dose (5 μg/m2/day) was used in the
first week to reduce infusion reactions. Twenty five of the 36
evaluable patients achieved CR/CRi (69 %), and 22 (88 %)
achieved MRD-negative status. The median OS and DFS
were 9.8 and 7.1 months, respectively. The final dose selected
for future studies was 5 μg/m2/day during week 1 and 15 μg/
m2/day during the following 3 weeks [47].

Based on the encouraging results of this phase II trial [47],
blinatumomab was FDA approved for treatment of
Philadelphia chromosome-negative (Ph−) relapsed refractory
B cell precursor ALL in December 2014. A single cycle con-
sists of 4 weeks of continuous IV infusion followed by a 2-
week treatment-free interval. A treatment course consists of
up to 2 cycles for induction followed by three additional cy-
cles for consolidation treatment (up to a total of 5 cycles).
Hospitalization is recommended for the first 9 days of the first
cycle and the first 2 days of the second cycle. For all subse-
quent cycle starts and reinitiation (e.g., if treatment is

interrupted for ≥4 h), supervision by a health care professional
or hospitalization is recommended. Premedication with dexa-
methasone 1 h prior to the first dose of each cycle, prior to a
step dose (e.g., cycle 1, day 8), or when restarting an infusion
after an interruption of ≥4 h is indicated. If the patient de-
velops grade 3 CRS, the dose is withheld until it is completely
resolved and then restarted at 9 mcg/day escalating to 28 mcg/
day after 7 days if toxicity does not recur. For grade 4 CRS, the
drug is permanently discontinued [48].

Currently, a phase 3 randomized trial [Eastern Cooperative
Oncology Group (ECOG) E1910] is evaluating the role of
blinatumomab during consolidation in adults with newly diag-
nosed Ph chromosome-negative B cell ALL (NCT02003222).
The phase III open-label TOWER study is evaluating
blinatumomab vs. investigators’ choice of chemotherapy in
adult patients with relapsed or refractory precursor B cell ALL
and has completed recruiting patients (NCT0201367) [49].

Chimeric Antigen Receptor T Cell Therapy

The chimeric antigen receptor is a hybrid molecule composed
of antigen-binding domains fused to T cell activation and
costimulatory domains [50]. The T cells are genetically modi-
fied to express the hybrid protein and endowed with a new
antigen specificity in addition to the antigen specificity encoded
by the endogenous T cell receptor. In ALL, most of the CART
to date have focused on CD19, although the NIH is developing
CD22 CART. Although not the first target to be studied, CART
cell therapies directed against CD19 are the most mature to
date. The majority of CART cell-directed therapies are led pri-
marily by three research institutes—University of Pennsylvania
(U Penn), the National Cancer Institute (NCI), and Memorial
Sloan Kettering Cancer Center (MSKCC). While both the NCI
and MSKCC are using a second-generation CAR with CD3ζ
and CD28 intracellular signaling domains that is retrovirally
transduced into T cells [51, 52], U Penn has selected a
second-generation CAR with CD3ζ and 4-1BB stimulatory
domains using a lentiviral transduction system [53].

To date, the CART cell therapies have shown remarkable
efficacy in B cell ALL. The group at MSKCC first reported
CD19 CART cell treatment of an adult patient with B-ALL
during his second remission. The patient remained in remission
for 8 weeks before undergoing allogeneic HSCT. Although
impossible to know if the CARTcell treatment helped maintain
remission, he did have persistent B cell aplasia prior to trans-
plant, likely indicating activity of the CART cells [54]. This
group then published their experience targeting B-ALL with
CD19-targeted CART cells. The series involved five adult pa-
tients with relapsed B-ALL after salvage chemotherapy, but
prior to allogeneic HSCT. All five patients became MRD neg-
ative within 8–59 days after infusion. Only four of the five
patients were eligible for HSCT. The fifth patient was ineligible
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for HSCT or additional CART cell therapy and relapsed after
90 days [55]. The same group published their results from 16
patients with relapsed/refractory B-ALL, including the 5 from
their previous study and 11 new patients. Eighty-eight percent
of patients had a CR (75 %MRD negative) [56]. Recently, this
group updated the results from 33 adult patients treated with
CD19-directed CART cell product. They reported 13/16 pa-
tients who had morphological disease and 16/16 patients with
MRD-positive disease at the time of infusion who were in CR
after infusion (91 % CR, 82 % MRD negative) [57]. These
results were updated again at American Society of
Hematology (ASH) meeting in 2015. Of the 43 patients
evaluable for follow-up, median OS of all patients was
8.5 months and patients who achieved a CR with MRD nega-
tivity was 10.8 months which clearly predicts better survival in
patients who attain MRD negativity. This study so far has not
shown a significant difference in survival with allo-HSCT post
CARTcell infusion (OS at 6 months was 70 % in patients who
underwent post-CAR allo-HSCT as compared with 64 % in
patients who did not get allo-HSCT after CART cells) [58].

The U Penn and NCI have also reported their experience
with CART cells in patients with ALL, but mostly in children
and with fewer adults treated. The initial report from U Penn
was in two children. Both patients were in second relapse, one
after both allogeneic HSCT and blinatumomab. After treat-
ment, both patients went into morphologic remission by
1 month. The patient without allogeneic stem cell transplant
achieved CR with MRD negativity of now over 2-year dura-
tion. However, the other patient with prior allogeneic HSCT
ultimately relapsed 2 months after therapy with CD19-
negative leukemia cells [59]. The U Penn group has recently
published their experience in treating 30 children and adults
with relapsed/refractory ALL with CD19-targeted CART
cells. Ninety percent (27/30) of treated patients achieved a
CR, with MRD negativity in 22/27 patients. Of note, two

patients had CNS blasts present prior to treatment, and these
cleared with CARTcell infusion with no CNS relapses. Of the
27 patients who achieved a CR, 7 relapsed between 1.5 and
8.5 months following treatment; among these, 3 patients had
CD19-negative disease [60•].

At the NCI, 20 patients with relapsed/refractory ALL were
treated with CD19-directed CARTcells. Fourteen patients had
a CR (70 %) with 12 of the 14 having a MRD-negative CR.
Two patients relapsed after 3 and 5 months with CD19-
negative ALL [61].

CART cell therapy is an exciting new development in the
treatment armamentarium of ALL, but this is more technically
intensive than other therapies and can be associated with sig-
nificant CRS which needs early identification and aggressive
medical management including hemodynamic support, treat-
ment with tocilizumab (an IL-6 inhibitor), and in life-
threatening conditions steroids though it may also minimize
or eliminate the CART cell activity. The likelihood of devel-
oping severe CRS is tightly correlatedwith tumor burden, thus
providing a simple means to anticipate patients who are at risk
of developing severe CRS. This has proven true in pediatric
patients [59, 60•, 61]. In a study of 33 adult patients who all
had high tumor burden, severe CRS requiring vasopressors or
mechanical ventilation for hypoxia occurred in seven patients
which was effectively managed with IL-6 inhibitor and or
corticosteroid therapy [62]. Other toxicities such as B cell
aplasia and neurological toxicities including seizures and
aphasia have also been reported.

Other Targeted Agents

Several different mutated genes have been identified as possi-
ble targets, and novel agents are already in clinical trials
(Table 2). The classic examples are the tyrosine kinase

Table 2 Novel experimental
agents Target Drug Preclinical/trial

MLL (q11.23) DOT1L inhibitors Phase 1 [72].

FLT3 inhibitors Lestaurtinib—phase 1 and randomized
trials [63, 64]

Quizartinib—phase 1 (results pending)

Notch 1 (T-ALL) γ secretase inhibitors (GSI) Phase 1 [73]

JAK JAK inhibitors Preclinical [74]

mTOR Everolimus, temsirolimus Preclinical [75]

CRLF2 JAK and HSP 90 inhibitors Preclinical [76]

PI3Kδ (pre-B) Idelalisib Preclinical [77]

PI3Kδ,γ (pre-T) IPI-145 Phase II (study withdrawn)

PI3K and mTOR (dual) BEZ 235 Preclinical [78], phase 1 [66] (ongoing)

PP2A mutations Fingolimod (FTY720) Preclinical [79]

Proteasome inhibitors Bortezomib Phase 1 [67, 68], phase II [69] (ongoing)

Hypomethylating agents Decitabine Phase 1 [80]
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inhibitors (TKIs) such as imatinib, dasatinib, nilotinib, and
ponatinib for BCR-ABL1-positive ALL, the NOTCH 1 and
DOT1L pathway inhibitors, and the JAK inhibitors among
others.

The FLT3 inhibitor, lestaurtinib, has been tried as a sin-
gle agent and co-administered with chemotherapy [63, 64].
A phase III trial, COG P9409, is ongoing using combina-
tion chemotherapy with or without lestaurtinib in newly
diagnosed ALL (NCT00557193). Similarly, a phase I
study using another potent FLT3 inhibitor, quizartinib, as
a single agent in children with relapsed/ refractory MLL
rearranged and high hyperdiploid ALL has just been con-
cluded (NCT01411267).

Other agents which are in preclinical and phase I and II
trials include Bruton’s tyrosine kinase inhibitors [65],
phosphoinositol 3-kinase inhibitor in primary T-ALL
[66], proteasome inhibitor bortezomib as a single agent
[67, 68], and in combination [69, 70]. Recently, cytokine
receptor-like factor 2 (CRLF2), JAK1, JAK2 deletions,
and mutations in IKZF1 have been found to have unfavor-
able outcomes in ALL, and therefore, inhibitors of intra-
cellular JAK2, PI3K/mTOR, and MEC as well as membra-
nous CRLF2 provide potentially promising new research
directions [71].

Conclusion

ALL treatment has advanced significantly, and it is clear that
the current status of frontline treatment is being redefined.
However, cure is often challenging, toxic, and will not occur
in the majority of adult patients. Together with the range of
new agents available to treat ALL, the natural course of this
disease is likely to improve as these novel therapies hold
promise for more effective treatment in the future. The overall
goal of achieving safe and effective cure may be possible as
more of these agents begin to move to the frontline setting in
combination with chemotherapy and may even replace toxic
chemotherapies. Furthermore, MRD monitoring is modifying
treatment strategies. This review highlights only some of the
new and recent developments in treatment of ALL, and the
challenge for the future is to determine in what setting these
agents are most active to limit their toxicity and to improve
their efficacy.

Compliance with Ethical Standards

Conflict of Interest Ajoy Dias, Saad J. Kenderian, and Gustavo F.
Westin each declare no potential conflicts of interest.

Mark R. Litzow declares grant support from Amgen.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Howlader N NA, Krapcho M, Garshell J, Miller D, Altekruse SF,
Kosary CL, et al., editors. SEER Cancer Statistics Review, 1975-
2012. Bethesda: National Cancer Institute; 2015.

2. Pui CHRM, Downing JR. Acute lymphoblastic leukemia. N Engl J
Med. 2004;350(15):1535–48.

3. Larson RA, Dodge RK, Linker CA, et al. A randomized controlled
trial of filgrastim during remission induction and consolidation che-
motherapy for adults with acute lymphoblastic leukemia: CALGB
study 9111. Blood. 1998;92(5):1556–64.

4. Kantarjian H, Thomas D, O’Brien S, et al. Long-term follow-up
results of hyperfractionated cyclophosphamide, vincristine, doxo-
rubicin, and dexamethasone (Hyper-CVAD), a dose-intensive reg-
imen, in adult acute lymphocytic leukemia. Cancer. 2004;101(12):
2788–801.

5. Roberts KG, Li Y, Payne-Turner D, et al. Targetable kinase-
activating lesions in Ph-like acute lymphoblastic leukemia. N
Engl J Med. 2014;371(11):1005–15.

6. Hoelzer D,Walewski J, Dohner H, et al. Improved outcome of adult
Burkitt lymphoma/leukemia with rituximab and chemotherapy: re-
port of a large prospective multicenter study. Blood. 2014;124:
3870–9.

7. 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 leuke-
mia. Cancer. 2006;106(7):1569–80.

8. Fielding AK, Rowe J, Buck G, et al. UKALLXΙΙ/ECOG 2993:
addition of imatinib to a standard treatment regimen enhances
long-term outcomes in Philadelphia positive acute lymphoblastic
leukemia. Blood. 2014;123:843–50.

9. Ravandi F, O’Brien S, Thomas D, et al. First report of phase 2 study
of dasatinib with hyper-CVAD for the frontline treatment of patients
with Philadelphia chromosome-positive (Ph+) acute lymphoblastic
leukemia. Blood. 2010;116(12):2070–7.

10. Tavernier E, Boiron JM, Huguet F, GET-LALA Group, Swiss
Group for Clinical Cancer Research SAKK, Australasian
Leukaemia and Lymphoma Group, et al. Outcome of treatment
after first relapse in adults with acute lymphoblastic leukemia
initially treated by the LALA-94 trial. Leukemia. 2007;21(9):
1907–14.

11. Thomas DA, Kantarjian H, Smith TL, et al. Primary refractory and
relapsed adult acute lymphoblastic leukemia: characteristics, treat-
ment results, and prognosis with salvage therapy. Cancer.
1999;86(7):1216–30.

12. Kantarjian H, Gandhi V, Cortes J, et al. Phase 2 clinical and phar-
macologic study of clofarabine in patients with refractory or re-
lapsed acute leukemia. Blood. 2003;102(7):2379–86.

13. DeAngelo D et al. A phase II study of 2 -amino-9 Β−D-arabinosy
−6-methoxy-9H-purine (506U78) in patients with relapsed or re-
fractory T-lineage acute lymphoblastic leukemia (ALL) or lympho-
blastic lymphoma (LBL): CALGB study 1980 I [abstract]. Blood.
2002;100:198a.

14. O’Brien S, Schiller G, Lister J, et al. High dose vincristine sulfate
liposome injection for advanced, relapsed and refractory adult
Philadelphia chromosome negative lymphoblastic leukemia. J
Clin Oncol. 2013;31(6):676–83.

Curr Hematol Malig Rep (2016) 11:253–264 261



15. Thomas DA, O’Brien S, Faderl S, et al. Chemoimmunotherapy
with a modified hyper-CVAD and rituximab regimen improves
outcome in de novo Philadelphia chromosome-negative precursor
B-lineage acute lymphoblastic leukemia. J Clin Oncol.
2010;28(24):3880–9.

16. Hoelzer D, Huettmann A, Kaul F, et al. Immunochemotherapy with
rituximab improves molecular CR rate and outcome in CD20+ B-
lineage standard and high risk patients; results of 263 CD20+pa-
tients studied prospectively in GMALL study 07/2003. Blood.
2010;116(1):abstract 170.

17.• Maury SCS, Thomas X, Heim D, Leguay T, Huguet F, 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. Blood. 2015;126(23 ( abstract)):1–1. This abstract at the
ASH 2015 meeting, concludes that in adults with CD20 positive
ALL, the addition of rituximab to standard intensive chemo-
therapy is well tolerated, significantly improves EFS, prolongs
OS of patients not receiving allogeneic HSCT in first CR.
Hence, adding rituximab to standard therapy should be consid-
ered as standard of care for these patients.

18. Jabbour E, Kantarjian H, Thomas D, et al. Phase II study of the
hyper-CVAD regimen in combination with ofatumumab as front
line therapy for adults with CD-20 positive acute lymphoblastic
leukemia (ALL). Blood. 2014;124(21):5277.

19. Raetz EA, Cairo MS, Borowitz MJ, et al. Reinduction
chemoimmunotherapy with epratuzumab in relapsed acute lym-
phoblastic leukemia (ALL) in children, adolescents and young
adults: results from Children’s Oncology Group (COG) study
ADVLO4P2. Blood. 2011;118:abstract 573.

20. Advani A, McDonough S, Coutre S, et al. Southwest Oncology
Group Study S0910: a phase 2 trial of clofarabine/cytarabine/
epratuzumab for relapsed/refractory acute lymphocytic leukemia.
Br J Haematol. 2014;165(4):504–9.

21. deVries JF, Zwann CM, De Bie M, et al. The novel calicheamicin-
conjugated CD22 antibody inotuzumab ozogamicin (CMC-544)
effectively kills primary pediatric acute lymphoblastic leukemia
cells. Leukemia. 2012;26:255–64.

22. Kantarjian H, Thomas D, Jorgensen, et al. Inotuzumab ozogamicin,
an anti-CD22-calecheamicin conjugate, for refractory and relapsed
acute lymphoblastic leukemia: a phase 2 study. Lancet Oncol.
2012;13(4):403–11.

23. Kantarjian H, Thomas D, Jorgensen J, et al. Results of
inotuzumab ozogamicin, a CD22 monoclonal antibody, in re-
fractory and relapsed acute lymphocytic leukemia. Cancer.
2013;119(15):2728–36.

24. DeAngelo DJ, Stock W, Shustov AR, et al. Weekly inotuzumab
ozogamicin (InO) in adult patients with relapsed or refractory
CD22-positive acute lymphoblastic leukemia (ALL). Blood.
2013;122(21):3906.

25. DeAngelo DJ, Stelljes M, Martinelli G, et al. Efficacy and safety of
inotuzumab ozogamicin (INO) vs standard of care (SOC) in salvage
1 or 2 patients with acute lymphoblastic leukemia (ALL): An on-
going global phase 3 study. 2015.

26.• Jabbour E, O’Brien S, Nitin J, et al. Inotuzumab ozogamicin (IO) in
combination with low-intensity chemotherapy as frontline therapy
for older patients and as salvage therapy for adult with relapse/
refractory acute lymphoblastic leukemia. J Clin Oncol. 2014;32:
abstract 7019. This study concludes Mini Hyper CVD with IO
is effective in patients over 60 years of age, with low mortality
rate and 1 year OS of 81% and PFS of 96%, thereby indicating
its use in the frontline setting in older patients with ALL and as
a salvage approach (ORR-75%).

27. DiJoseph JF, Dougher MM, Evans DY, Zhou BB, et al. Preclinical
anti-tumor activity of antibody-targeted chemotherapy with CMC-
544 (inotuzumab ozogamicin), a CD22-specific immunoconjugate

of calecheamicin, compared with non-targeted combination chemo-
therapy with CVP or CHOP. Cancer Chemother Pharmacol.
2011;67(4):741–9.

28. Advani A, Coiffier B, Czuczman MS, et al. Safety, pharmacokinet-
ics, 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):
2085–93.

29. Kebriaei P, Wilhelm K, Ravandi F, et al. Feasibility of allografting
in patients with advanced acute lymphoblastic leukemia after sal-
vage therapy with inotuzumab ozogamicin. Clin Lymphoma
Myeloma Leuk. 2013;13(3):296–301.

30. Johnson DB, Savani BN. How can we reduce hepatic veno-
occlusive disease-related deaths after allogeneic stem cell trans-
plantation? Exp Hematol. 2012;40:513–7.

31. Carreras E, Bertz H, Arcese W, et al. Incidence and outcome of
hepatic veno-occlusive disease after blood or marrow transplanta-
tion: a prospective cohort study of the European Group for Blood
and Marrow Transplantation. European Group for Blood and
Marrow Transplantation Chronic Leukemia Working Party.
Blood. 1998;92(10):3599–604.

32. Ganem G, Saint-Marc Girardin MF, Kuentz M, et al. Venocclusive
disease of the liver after allogeneic bone marrow transplantation in
man. Int J Radiat Oncol Biol Phys. 1988;14(5):879–84.

33. Lee JL, Gooley T, Bensinger W, Schiffman K, McDonald GB.
Veno-occlusive disease of the liver after busulfan, melphalan, and
thiotepa conditioning therapy: incidence, risk factors, and outcome.
Biol Blood Marrow Transplant. 1999;5(5):306–15.

34. Wayne AS, Kreitman RJ, Findley HW, et al. Anti-CD22
immunotoxin RFB4(dsFv)-PE38 (BL22) for CD22-positive hema-
tologic malignancies of childhood: preclinical studies and phase I
clinical trial. Clin Cancer Res. 2010;16(6):1894–903.

35. Wayne AS, Bhojwani D, Silverman LB, et al. A novel anti-
CD22 immunotoxin, moxetumomab pasudotox:Phase I study
in pediatric acute lymphoblastic leukemia (ALL). Blood.
2011;118(21):abstract 4977.

36. Carol H, Szymanska B, Evans K, et al. The anti-CD19 antibody-
drug conjugate SAR3419 prevents hematolymphoid relapse
postinduction therapy in preclinical models of pediatric acute lym-
phoblastic leukemia. Clin Cancer Res. 2013;19(7):1795–805.

37. Younes A, Kim S, Romaguera J, et al. Phase 1 multidose-escalation
study of the anti-CD19 maytansinoid immunoconjugate SAR3419
administered by intravenous infusion every 3 weeks to patients with
relapsed/refractory B- cell lymhoma. J Clin Oncol. 2012;30(22):
2776–82.

38. clinicaltrials.gov. SAR 3419 in acute lymphoblastic leukemia
(MYRALL). 2014. Available at: www.clinicaltrials.gov
(NCT01440179).

39. Fathi AT, Borate U, DeAngelo DJ, O’Brien MM, et al. A phase 1
study of denintuzumab mafodotin (SGN-CD19A0 in adults with
relapsed or refractory B-lineage acute leukemia (B-ALL) and high-
ly aggressive lymphoma. Blood. 2015;126(23):1328.

40. Herrera L, Bostrom B, Gore L, et al. A phase 1 study of combotox
in pediatric patients with refractory B-lineage acute lymphoblastic
leukemia. J Pediatr Hematol Oncol. 2009;31(12):936–41.

41. Schindler J, Gajavelli S, Ravandi F, et al. A phase I study of a
combination of anti-CD19 and anti-CD22 immunotoxins
(Combotox) in adult patients with refractory B-lineage acute lym-
phoblastic leukaemia. Br J Haematol. 2011;154(4):471–6.

42. Klinger M, Brandl C, Zugmaier G, Hijazi Y, et al .
Immunopharmacologic responses of patients with B-lineage acute
lymphoblastic leukemia to continous infusion of T cell engaging
CD19/CD3-bispecific BiTE antibody blinatumomab. Blood.
2012;119(26):6226–33.

43. Topp MS, Kufer P, Gokbuget N, et al. Targeted therapy with the T-
cell-engaging antibody blinatumomab of chemotherapy-refractory

262 Curr Hematol Malig Rep (2016) 11:253–264

http://www.clinicaltrials.gov/


minimal residual disease in B-lineage acute lymphoblastic leukemia
patients results in high response rate and prolonged leukemia-free
survival. J Clin Oncol. 2011;29(18):2493–8.

44. Gokbuget N, Dombret H, Bonifacio M, Reichle A, et al. Long term
outcomes after Blinatumomab Treatment: Follow-up of a phase 2
study in patients (pts) with minimal residual disease (MRD) posi-
tive B-cell precursor acute lymphoblastic leukaemia: a multicenter,
single arm, phase 2 study. Blood. 2015;126(23 ( abstract)):680.

45.• Topp MS, Gokbuget 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. This multi-
center trial shows single agent blinatumomab had good antileu-
kemic activity in adult patients with relapsed or refractory B-
precursor ALL characterized by negative prognostic factors.

46. Kantarjian H, Gokbuget N, O’Brien SM, Stein AS, Jia C, Forman
S, et al. Factors influencing outcomes in patients (Pts) with
relapsed/refractory b-precursor acute lymohoblastic leukemia (r/r
ALL) treated with blinatumomab in a phase 2 study. J Clin Oncol.
2015;33(suppl):abstract 7057.

47. Topp MS, Gokbuget N, Zugmaier G, et al. Phase II trial of the anti
CD 19 bispecific T cell-engager blinatumomab shows hematologic
and molecular remissions in patients with relapsed or refractory B-
precursor acute lymphoblastic leukemia. J Clin Oncol.
2014;32(36):4134–40.

48. Amgen Inc. Blincyto (blinatumomab) for injection, for intravenous
use. Prescribing Information. Thousand Oaks, CA: Amgen; 2014

49. Clinicaltrials.gov. Phase III Trial of Blinatumomab vs Investigator's
Choice of Chemotherapy in Patients with Relapsed or Refractory
All. Available at: www.clinicaltrials.gov.

50. Sadelain M, Riviere I, Brentjens R. Targeting tumours with genet-
ically enhanced T lymphocytes. Nat Rev Cancer. 2003;3(1):35–45.

51. Hollyman D, Stefanski J, Przybylowski M, et al. Manufacturing
validation of biologically functional T cells targeted to CD19 anti-
gen for autologous adoptive cell therapy. J Immunother.
2009;32(2):169–80.

52. Kochenderfer JN, Feldman SA, Zhao Y, et al. Construction and
preclinical evaluation of an anti-CD19 chimeric antigen receptor.
J Immunother. 2009;32(7):689–702.

53. Milone MC, Fish JD, Carpenito C, et al. Chimeric receptors con-
taining CD137 signal transduction domains mediate enhanced sur-
vival of T cells and increased antileukemic efficacy in vivo. Mol
Ther. 2009;17(8):1453–64.

54. Brentjens RJ, Riviere I, Park JH, et al. Safety and persistence of
adoptively transferred autologous CD19-targeted T cells in patients
with relapsed or chemotherapy refractory B-cell leukemias. Blood.
2011;118(18):4817–28.

55. Brentjens RJ, Davila ML, Riviere I, et al. CD19-targeted T cells
rapidly induce molecular remissions in adults with chemotherapy-
refractory acute lymphoblastic leukemia. Sci Transl Med.
2013;5(177):177ra138.

56. Davila ML, Riviere I, Wang X, et al. Efficacy and toxicity manage-
ment of 19-28z CAR T cell therapy in B cell acute lymphoblastic
leukemia. Sci Transl Med. 2014;6(224):224ra225.

57. Sadelain M, Brentjens R, Riviere I, Park J. CD19 CAR therapy for
acute lymphoblastic leukemia. Am Soc Clin Oncol Educ Book.
2015;35:e360–3.

58. Park JH, Riviere I, Wang X, Bernal Y, Purdon T, et al.
Implications of minimal residual disease negative complete re-
mission (MRD-CR) and allogeneic stem cell transplant on safe-
ty and clinical outcome of CD19-targeted 19-28z CAR modi-
fied T cells in adult patients with relapsed, Refractory B-Cell
ALL. Blood. 2015;126(23):682.

59. 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):1509–18.

60.• Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor T
cells for sustained remissions in leukemia. N Engl J Med.
2014;371(16):1507–17. This study showed CART cell therapy
against CD19 is effective in treating relapsed refractory ALL
and is associatedwith high remission rates, even among patients
for whom stem- cell transplantation has failed, and achieved
durable remission upto 24 months.

61. Lee DW, Kochenderfer J, Stetler-Stevenson M, Cui YK, Delbrook
C, Feldman SA, et al. T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukemia in children and young
adults: a phase 1 dose-escalation trial. Lancet. 2015;385:517–28.

62. Maude SL, Barrett D, Teachey DT, Grupp SA. Managing cytokine
release syndrome associated with novel T cell-engaging therapies.
Cancer J. 2014;20(2):119–22.

63. Brown P, Levis M, Shurtleff S, Campana D, Downing J, Small D.
FLT3 inhibition selectively kills childhood acute lymphoblastic leu-
kemia cells with high levels of FLT3 expression. Blood.
2005;105(2):812–20.

64. Brown P, Levis M, McIntyre E, et al. Combinations of the FLT3
inhibitor CEP-701 and chemotherapy synergistically kill infant and
childhood MLL-rearranged ALL cells in a sequence-dependent
manner. Leukemia. 2006;20:1368–76.

65. Katz FE, Lovering RC, Bradley LA, et al. Expression of the X-
linked agammaglobulinemia gene, btk in B-cell acute lymphoblas-
tic leukemia. Leukemia. 1994;8(4):574–7.

66. Gutierrez A, Sanda T, Grebliunaite R, et al. High frequency of
PTEN, PI3K, and AKT abnormalities in T-cell acute lymphoblastic
leukemia. Blood. 2009;114(3):647–50.

67. Cortes J, Thomas D, Koller C, et al. Phase I study of bortezomib in
refractory or relapsed acute leukemias. Clin Cancer Res.
2004;10(10):3371–6.

68. Horton TM, Pati D, Plon SE, et al. A phase 1 study of the protea-
some inhibitor bortezomib in pediatric patients with refractory leu-
kemia: a Children’s Oncology Group study. Clin Cancer Res.
2007;13(5):1516–22.

69. Messinger YH, Gaynon P, Sposto R, et al. Bortezomib with che-
motherapy is highly active in advanced B-precursor acute lympho-
blastic leukemia: Therapeutic Advances in Childhood Leukemia &
Lymphoma (TACL) Study. Blood. 2012;120:285–90.

70. Filicko-O’Hara J, Mookerjee B, Alpdogan O, et al. Phase II study
of bortezomib, mitoxantrone, and etoposide in relapsed/refractory
acute leukemias. Blood. 2010;116 Suppl 1:Abstract 2192.

71. Moorman AV, Schwab C, Ensor HM, et al. IGH@ translocations,
CRLF2 deregulation, and microdeletions in adolescents and adults
with acute lymphoblastic leukemia. J Clin Oncol. 2012;30(25):
3100–8.

72. Daigle SR, Olhava EJ, Therkelsen CA, et al. Selective killing of
mixed lineage leukemia cells by a potent small-molecule DOT1L
inhibitor. Cancer Cell. 2011;20(1):53–65.

73. Van Vlierberghe P, Ferrando A. The molecular basis of T cell acute
lymphoblastic leukemia. J Clin Invest. 2012;122(10):3398–406.

74. Jeong EG, Kim MS, Nam HK, et al. Somatic mutations of JAK1
and JAK3 in acute leukemias and solid cancers. Clin Cancer Res.
2008;14(12):3716–21.

75. Saunders P, Cisterne A, Weiss J, et al. The mammalian target of
rapamycin inhibitor RAD 001(everolimus) synergizes with che-
motherapeutic agents, ionizing radiation and proteasome inhib-
itors in pre-B acute lymphocytic leukemia. Haematologica.
2011;96:69–77.

76. Roll JD, Reuther GW. CRLF2 and JAK2 in B-progenitor acute
lymphoblastic leukemia: a novel association in oncogenesis.
Cancer Res. 2010;70(19):7347–52.

77. Bressanin D, Evangelisti C, Ricci F, Tabellini G, Chiarini F, Tazzari
PL, et al. Harnessing the PI3K/Akt/mTOR pathway in T-cell acute
lymphoblastic leukemia: Eliminating activity by targeting at differ-
ent levels. Oncotarget. 2012;3(8):811–23.

Curr Hematol Malig Rep (2016) 11:253–264 263

http://www.clinicaltrials.gov


78. Schult CDM, Glass A, et al. The dual kinase inhibitor NVP-
BEZ235 in combination with cytotoxic drugs exerts antiprolifera-
tive activity towards acute lymphoblastic leukemia. Anticancer
Res. 2012;32:463–74.

79. Neviani P, Santhanam R, Oaks JJ, et al. FTY720, a new alternative
for treating blast crisis chronic myelogenous leukemia and

Philadelphia chromosome-positive acute lymphocytic leukemia. J
Clin Invest. 2007;117(9):2408–21.

80. Garcia-Manero GTD, Rhytting ME, et al. Final report of a
phase I trial of decitabine with or without HyperCVAD in re-
lapsed acu te lymphocyt i c leukemia (ALL) . B lood .
2010;116(Suppl1):Abstract 867.

264 Curr Hematol Malig Rep (2016) 11:253–264


	Novel Therapeutic Strategies in Acute Lymphoblastic Leukemia
	Abstract
	Introduction
	Monoclonal Antibodies
	CD20-Directed Therapy
	Rituximab
	Ofatumumab
	Obinutuzumab

	Anti-CD22 Antibodies
	Epratuzumab
	Inotuzumab Ozogamicin
	Moxetumomab Pasudotox (HA22) and BL22
	Anti-CD19 Antibodies
	SAR3419 (Coltuximab Ravtansine)
	Denintuzumab Mafadotin (SGN-CD19A)
	Combotox

	Blinatumomab (MT103 or MEDI-538)
	Chimeric Antigen Receptor T Cell Therapy
	Other Targeted Agents
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



