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Abstract Most drugs used in standard regimens for acute
lymphoblastic leukemia (ALL) were developed more than
30 years ago. Since that time, several new drugs have been
developed and incorporated into ALL treatment. In spite of
this, novel therapeutic approaches are still needed to improve
outcomes for high-risk or relapsed ALL. This manuscript dis-
cusses newer treatment strategies, including purine nucleoside
analogs, monoclonal antibodies, antibody drug conjugates,
mammalian target of rapamycin (mTOR) inhibitors, protea-
some inhibitors, histone deacetylase (HDAC) inhibitors,
hypomethylating agents, spleen tyrosine kinase inhibitors,
Bruton’s tyrosine kinase (BTK) inhibitors, Janus kinase-
signal transducer and activator of transcription (JAK-STAT)
inhibitors, anti-programmed cell death protein (anti-PD-1) an-
tibodies, mitogen-activated protein kinase (MEK) inhibitors,
CXCR4 antagonists, poly (ADP-ribose) polymerase (PARP)
inhibitors, and FMS-like tyrosine kinase 3 (FLT3) inhibitors.
Additionally, this manuscript discusses the impact of diagnos-
tic approaches on management of ALL. Specifically, minimal

residual disease is increasingly felt to be important and will
likely dramatically impact the care of ALL patients in the near
future.

Keywords Acute lymphoblastic leukemia . Acute
lymphocytic leukemias . Therapeutic approaches . Purine
nucleoside analogs .Monoclonal antibodies . Antibody drug
conjugates

Introduction

Approximately 6000 new cases of acute lymphoblastic leuke-
mia (ALL) are diagnosed in the USA annually. About 60% of
these cases occur in children and adolescents younger than
20 years of age, with cure rates approaching 90% [1–3]. The
remaining percentage will develop relapsed/refractory (R/R)
disease, and the survival rate remains poor for this group [4•].
Adult ALL portends a dimmer prognosis. Pediatric-based re-
mission induction regimens have allowedmost younger adults
to achieve complete remission (CR), but 20–30% will relapse
and the five-year OS rate is only 40–50% [5].

Nearly all medications used as the standard of care for
pediatric ALL were developed prior to the 1980s. In the
1990s, the Berlin-Frankfurt-Münster (BFM) regimen was de-
veloped [6]. In the early 2000s, imatinib was incorporated into
treatment for those with Philadelphia chromosome-positive
(Ph+) ALL. In the 2000s, nelarabine was approved for re-
lapsed T cell ALL and the addition of rituximab to
hyperfractionated cyclophosphamide, vincristine, and doxo-
rubicin, alternating with high-dose methotrexate and
cytarabine (hyper-CVAD), was found to improve outcomes
in adult B-ALL [7•]. It has since been incorporated into stan-
dard therapy for CD20-positive (CD20+) B-ALL.
Additionally, young adults have superior outcomes when
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treated with pediatric-like ALL protocols, compared to stan-
dard adult chemotherapy regimens [8]. Despite these ad-
vances in treatment modalities, there remains an unmet need
for novel therapeutic approaches in the R/R setting in both
pediatric ALL and in the adult population [9].

Previous sections in this journal have addressed pediatrics,
Ph+ALL, stem cell transplantation (SCT) and chimeric anti-
gen receptor T cell (CAR T) therapy. This section explores
novel therapeutic strategies that are being studied in either
preclinical or mostly early clinical settings. Ongoing ALL
clinical trials are discussed below and summarized in
Tables 1 and 2; most have not been published. Discussion of
active trials studying post-transplant maintenance therapy will
be deferred.

Purine Nucleoside Analog: Nelarabine

Nelarabine is a purine nucleoside analog that is metabolized to
arabinosylguanine nucleotide triphosphate (araGTP); araGTP
incorporates into DNA and inhibits DNA synthesis, resulting
in apoptosis. Nelarabine has been studied in the past two de-
cades and was approved in 2005 as third-line treatment of T
cell leukemia/lymphoma. Several trials are currently evaluat-
ing the role of nelarabine in first-line or risk-adapted chemo-
therapy regimens. A phase II French study is evaluating
nelarabine incorporated into consolidation and maintenance
therapy in high-risk T cell ALL (NCT02619630). As part of
a larger ALL trial evaluating chemotherapy optimization in
ALL, a phase III study will investigate the use of nelarabine
as consolidation therapy in T-ALL (NCT02881086).

Anti-CD20 Monoclonal Antibodies and Related
Drug Conjugates: Rituximab, Ofatumumab,
and Obinutuzumab

CD20 is a protein expressed on the surface of B cells and the
main interest in CD20 stems from its near-ubiquitous expres-
sion in B cell lymphomas. In leukemia, however, CD20 is
expressed on only 30–50% of precursor B cell lymphoblasts
[10]. Monoclonal antibodies (mAb) currently being used or
studied in ALL include rituximab, ofatumumab, and
obinutuzumab.

Rituximab binds to CD20 and rapidly eliminates B cells
through complement-dependent cytotoxicity, antibody-
dependent cellular cytotoxicity (ADCC), and stimulation of
apoptosis. Rituximab improved CR rates and OS when com-
bined with standard induction and consolidation chemothera-
py in patients with CD20+ ALL [10]. The GRAALL-2005
study evaluated the addition of rituximab to chemotherapy
in patients with Ph-negative (Ph-), CD20+ B cell ALL.
Rituximab was given during induction, salvage re-induction,

consolidation, late intensification, and maintenance) [11]. Its
addition improved 2-year event-free survival (EFS) and 2-
year OS (65 vs. 52%; P = 0.038 and 74 vs. 63%; P = 0.018,
respectively) when censored for SCT [12]. Of all patients who
underwent SCT, the rituximab group had longer EFS and OS
(hazard ratio (HR) 0.59; P = 0.02 and HR 0.55; P = 0.02,
respectively) [11].

Ofatumumab is a fully human, type I anti-CD20 mAb
targeting the small-loop epitope on CD20, with more
complement-dependent cytotoxicity than rituximab.
Ofatumumab is currently approved for chronic lymphocytic
leukemia (CLL) [13]. A phase II trial combined ofatumumab
with hyper-CVAD in newly diagnosed ALL patients. Interim
results showed the 3-year CR rate was 78% and the 3-year OS
was 68%. Three-year OS was slightly longer in CD20-
negative (CD20-) patients compared to CD20+ ones but this
was not statistically significant [14]. A current phase II trial
assesses the combination of ofatumumab and augmented
BFM in patients with precursor B ALL/lymphoblastic lym-
phoma (NCT02419469).

Obinutuzumab is a humanized type II anti-CD20 mAb. In
contrast to type I anti-CD20 antibodies rituximab and
ofatumumab, obinutuzumab has less complement-dependent
cytotoxicity, less ADCC and little direct cytotoxicity [15].
Preclinical investigations showed obinutuzumab-induced cell
death in rituximab-sensitive or rituximab-resistant precursor
B-ALL in xenografted mice [16]. Future studies investigating
obinutuzumab for precursor B-ALL are warranted.

Anti-CD19 Monoclonal Antibodies and Related
Drug Conjugates: Blinatumomab, Denintuzumab
Mafodotin, and ADCT-402

CD19 is a protein expressed on the surface of B cells through-
out their lifecycle and works with other surface molecules to
direct downstream signaling. Approximately 80% of ALL
lymphoblasts express high levels of CD19 [17].

Blinatumomab is the first FDA-approved bispecific T cell
engager (BiTE) antibody, linking two single-chain antibodies
which bind CD3 and CD19. When the BiTE molecule binds
to CD3 on T cells and CD19 on B cells, inflammatory cyto-
kine release and T cell proliferation occur, leading to
redirected lysis of CD19+ cells [18]. Blinatumomab was ap-
proved for the treatment of R/R Ph- ALL in 2014 and con-
tinues to be studied in different contexts of ALL. The phase III
TOWER trial evaluated blinatumomab against standard che-
motherapy in R/R ALL. Interim results demonstrated a nearly
doubled median OSwith blinatumomab compared to standard
therapy (7.7 vs. 4 months) [19]. CR rate was also higher with
blinatumomab compared to standard chemotherapy (39 vs.
19%) and the study was stopped early for efficacy. Future
usage of blinatumomab is likely to increase and current
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studies are investigating its use in the frontline and R/R setting
in different subtypes of ALL (NCT02143414, NCT02003222,
and NCT02807883). Challenges with blinatumomab admin-
istration include 4-week continuous infusion cycles. Side ef-
fects include cytokine release syndrome and neurologic tox-
icities, requiring close monitoring during infusion.

Denintuzumab mafodotin is an antibody drug conjugate
(ADC) linking an anti-CD19 antibody to monomethyl
auristatin F (MMAF), a cytotoxic agent. Once internalized,
MMAF causes cell cycle arrest and leads to apoptosis [20]. A
phase I study evaluated denintuzumab mafodotin in patients
with R/RB-ALL and other hematologicmalignancies. Of those
treated with weekly dosing, 22% of patients had a CR or partial
remission (PR). Of those treated every 21 days, 35% had a CR
(though some had incomplete platelet or blood recovery) [21].

ADCT-402 is an ADC linking a humanized anti-CD19
antibody to a cytotoxic pyrrolobenzodiazepine dimer. Upon
binding and internalization, the cytotoxic dimer cross-links
and inhibits DNA replication, inhibiting proliferation of
CD19-expressing tumor cells. In vitro and in vivo testing
demonstrated anti-tumor activity at varying degrees of CD19
expression, though the effect was less potent in CD19- cell
lines [22]. A phase I trial evaluating ADCT-402 in patients
with R/R B cell ALL is ongoing (NCT02669264).

CAR T cell therapy for ALL is discussed in a previous
section.

Anti-CD22 Monoclonal Antibodies and Related
Drug Conjugates: Inotuzumab Ozogamicin,
Moxetumomb Pasudotox, Coltuximab Ravtansine,
and Epratuzumab

CD22 is a B cell lineage antigen expressed on mature B-cells,
some immature B-cells, and 90% of lymphoblasts in pre-B-
ALL [10, 23]. Upon cross linking of B cell antigen receptor by
the antigen, CD22 is rapidly phosphorylated and modulates B
cell activation and function, mediating apoptosis in subsets of
B cells.

Inotuzumab ozogamicin is an ADC consisting of cytotoxic
agent calicheamicin linked to an anti-CD22 antibody [24].
When inotuzumumab ozogamicin binds to CD22 and is inter-
nalized, calicheamicin induces DNAbreakage [25]. The phase
III INO-VATE ALL study evaluated inotuzumab ozogamicin
in R/R CD22+ ALL [26]. The CR rate, PFS, and median OS
was higher with inotuzumab ozogamicin group compared to
standard chemotherapy arm (80.7 vs. 29.4%; P < 0.001, 5.0
vs. 1.8 months; P < 0.001 and 7.7 vs. 6.7 months; P = 0.04).
Inotuzumab ozogamicin is currently being studied with com-
bination chemotherapy in R/R patients (NCT01925131) and
older patients (NCT01371630). Inotuzumab ozogamicin is
also being studied in combination with bendamustine,
fludarabine with or without rituximab as conditioning therapyT
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with an allogeneic SCT (NCT01664910). At this time,
inotuzumab ozogamicin remains available only for compas-
sionate use in the USA.

Moxetumomab pasudotox (MP) is a recombinant
immunoconjugate composed of an anti-CD22 immunoglobu-
lin variable domain fused to a fragment of a Pseudomonas
exotoxin. Once MP binds to CD22 and internalizes, the bac-
terial exotoxin catalyzes the apoptosis cascade [27]. MP is
currently being investigated in ALL (phase I/II study in R/R
ALL (NCT01891981)).

Coltuximab ravtansine (SAR3419) is an ADC linked to cy-
totoxic maytansinoid (DM4) linked to an anti-CD19 antibody.
Upon internalization, DM4 inhibits microtubule assembly and
tubulin polymerization, leading to cell cycle arrest. Coltuximab
ravtansine is being investigated in several trials for non-
Hodgkin lymphoma, but the phase II study for R/R ALL was
terminated early due to low clinical response rate [28].

Epratuzumab is an anti-CD22mAb that is internalized after
binding to CD22. Epratuzumab transfers proteins that are as-
sociated with B cell receptor (BCR) to effector cells. Thus,
while epratuzumab targets CD22-expressing B cells, overall B
cell destruction is reduced. In a phase II Children’s Oncology
Group (COG) trial, epratuzumab was added to standard re-
induction chemotherapy for first relapse of pre-B cell ALL.
The addition of epratuzumab was well tolerated, but the rates
of achieving CR the second time (CR2) was not better than
historical controls [29]. A phase II is assessing CR2 rates of
R/R ALL treated with epratuzumab, cytarabine, and
clofarabine (NCT00945815).

Anti-CD52 Monoclonal Antibodies: Alemtuzumab

CD52 is expressed in 36–66% of leukemia cells [30].
Alemtuzumab is a recombinant mAb directed against CD52;
the proposed mechanism is lysis of leukemia cells expressing
CD52 by ADCC [31]. Due to severe side effects of lympho-
penia prolonged immunosuppression and lack of robust effi-
cacy data in multiple small trials, alemtuzumab not frequently
used for ALL [10]. A current trial is evaluating alemtuzumab
in combination with recombinant human IL-15 for patients
with R/R acute or chronic adult T cell leukemia
(NCT02689453).

MTOR Inhibitors: Everolimus, Temsirolimus,
and Sirolimus

The PI3K/Akt/mTOR signaling pathway is observed to be
aberrantly activated in a variety of malignancies, including T
cell ALL and pre-B-ALL [32]. Constitutive activation may
also play a role in chemotherapy resistance. Phosphorylation
and activation of PI3K/Akt pathway promotes cell growth and

metabolism. Mammalian target of rapamycin (mTOR) is a
serine/threonine kinase that is a downstream target of Akt that
exists in two protein complexes: mTORC1 and mTORC2.

Everolimus, temsirolimus, and sirolimus inhibit mTOR ki-
nase activity by binding to intracellular protein FKBP-1,
forming a complex that inhibits mTOR signaling. Murine
models and human cell line studies have demonstrated down-
regulated mTORC1 and mTORC2 activity, decreased phos-
phorylation of enzymes in Akt and mTOR signaling, and in-
creased apoptosis in pre-B-ALL cell lines treated with evero-
limus [32–34]. An Italian study found a synergistic effect
when everolimus was combined with Akt inhibitor MK-
2206 [32]. Such findings provide strong rationale for the in-
vestigation of mTOR inhibition in ALL, particularly in the
setting of resistance to chemotherapeutic drugs.

A single-institution phase I/II trial testing everolimus in
combination with hyper-CVAD for R/R ALL in pediatric pa-
tients showed that the combination was well tolerated. The CR
and PR rates were 25 and 8%, respectively [35].

Ongoing trials include National Cancer Institute (NCI)
phase II trial studying temsirolimus in R/R ALL and other
malignancies (NCT00084916), phase I COG study
ADVL1114 exploring temsirolimus in combination with in-
tensive re-induction therapy for R/R ALL (NCT01403415),
phase I trial evaluating sirolimus and corticosteroids in R/R
ALL (NCT00874562), phase I trial studying everolimus with
multi-agent re-induction chemotherapy in pediatric relapsed
ALL (NCT01523977), phase I trial studying temsirolimus
with etoposide, cyclophosphamide, and dexamethasone for
relapsed pediatric ALL (NCT01614197), and NCI-
sponsored multi-center phase II trial with TORC1/2 inhibitor
sapanisertib in R/R ALL in adults (NCT02484430). Results
from all these trials are pending.

Proteasome Inhibitors: Bortezomib, Carfilzomib,
and Ixazomib

Nuclear factor kappa-B (NF-ΚB) is a transcriptional activator
with anti-apoptotic properties which plays a role in a variety of
malignancies. Proteasome inhibitors inactivate NF-ΚB and
impair tumor growth [4•]. Bortezomib is a reversible 26S pro-
teasome inhibitor that showed preclinical activity against
ALL, but minimal single-agent activity [36–38]. Preclinical
studies demonstrated synergy between bortezomib and the
combination of dexamethasone, asparaginase, vincristine,
doxorubicin, and cytarabine [39].

A phase I Therapeutic Advances in Childhood Leukemia&
Lymphoma (TACL) study showed bortezomib was well tol-
erated in combination with re-induction chemotherapy in R/R
pediatric ALL [40]. The phase II expansion of the TACL
study found an overall response rate of 73%. B-precursor
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subtypes responded better than T cell subtypes (80 vs. 0%,
though only two of the 22 patients had T cell subtype) [38].

The phase II AALL07P1 COG study investigated the effi-
cacy of bortezomib with re-induction chemotherapy vincris-
tine, prednisone, pegasparagase, and doxorubicin for relapsed
ALL. The CR rate was 69% in pre-B-ALL (n = 61) and 65%
in T cell ALL (n = 17) [41]. A phase II study investigating
bortezomib with re-induction chemotherapy in adults is
recruiting (NCT01769209) while another phase II trial is in-
vestigating the same question in pediatric and young adult
patients (NCT02535806). A randomized phase III COG study
(AALL1231) is studying combination chemotherapy with or
without bortezomib for younger patients with newly diag-
nosed T cell ALL or stage II-IV T cell lymphoblastic lympho-
ma (NCT02112916). Bortezomib has also been investigated
in combination with other classes of drugs, including
epigenetic-targeting agents such as histone deacetylases
(HDAC) inhibitors.

Carfilzomib achieves a higher degree of proteasome inhi-
bition compared to bortezomib with fewer off-target effects. A
phase I study of carfilzomib for treatment of AML or ALL
was completed in 2014 and resul ts are pending
(NCT01137747). The maximum tolerated dose of carfilzomib
combined with hyper-CVAD is being studied in a phase I
study (NCT02293109). In addition, the safety and tolerability
of carfilzomib with re-induction therapy for relapsed ALL are
being evaluated as well (NCT02303821).

Ixazomib, the newest proteasome inhibitor that is also oral-
ly administered, is being studied in a phase I trial, in combi-
nation with chemotherapy for ALL (NCT02228772).

Epigenetic Targeting: HDAC Inhibitors—Belinostat,
Vorinostat, and Panobinostat

The silencing of tumor suppressor genes can lead to oncogen-
esis in leukemias. Histone acetyltransferases and HDACs add
and remove acetyl groups to and from lysine residues on his-
tones. Net deacetylation results in suppressed transcription of
tumor suppressor genes [4•]. HDAC inhibitors block cellular
proliferation, promote differentiation, and induce apoptosis.

A phase I trial evaluating the safety of vorinostat, an
HDAC inhibitor, showed anti-tumor activity in 17% of pa-
tients with hematologic malignancies, but most did not have
ALL [42]. A newer phase I study of vorinostat and decitabine
with solid tumors or relapsed leukemias was completed
(NCT00275080); results are pending. A phase II study of
vorinostat and decitabine with chemotherapy for relapsed
ALL was terminated due to toxicity (NCT01483690).

Belinostat, another HDAC inhibitor, and bortezomib were
studied in a phase I trial in multiple tumor types, including
recurrent adult T cell leukemia/lymphoma (NCT00348985);
results for this study are pending. Panobinostat, the newest

HDAC inhibitor, has been studied in a phase I trial
(NCT01321346) in multiple malignancy types in children
and adults; results are pending. An ongoing phase II study is
investigating the addition of panobinostat, bortezomib, and
liposomal vincristine to salvage therapy for relapsed T-ALL
in children and young adults (NCT02518750).

Epigenetic Targeting: DNMT Inhibitors
(Hypomethylating Agents)—Azacitidine
and Decitabine

DNA methyltransferase (DNMT) inhibition has been investi-
gated as a therapeutic strategy in order to undo or decrease the
repression of regulatory genes. Azacitidine and decitabine are
cytosine analogs that are incorporated into nucleic acids and
promote degradation of DNMTs, thus restoring normal gene
differentiation and proliferation.

In vitro studies of relapsed ALL, cell samples treated with
DNMT inhibitors with and without HDAC inhibitors showed
restoration of normal gene expression [43]. A phase I TACL
trial studied azacitidine in combination with chemotherapy for
relapsed ALL or AML. This drug combination was well tol-
erated [44]. A pilot TACL study of decitabine and vorinostat
combined with chemotherapy for relapsed pediatric ALL was
initiated but was terminated due to toxicity (NCT01483690).

BTK Inhibitors: Ibrutinib

The BCR signaling pathway plays an essential role in B cell
development and function, which includes the Bruton’s tyro-
sine kinase (BTK). Preclinical studies have investigated the
activity of ibrutinib, an oral selective irreversible inhibitor of
BTK, in B cell ALL. Mouse xenograft models and human
ALL cell line studies found that ibrutinib suppressed pre-
BCR-positive ALL proliferation both in vitro and in vivo
[45, 46]. These data provide a rationale for clinical testing of
ibrutinib in B-ALL with active pre-BCR signaling, either as a
single agent or in combination with other therapies. While
ibrutinib has been added to the armamentarium of therapies
in CLL, it has yet to play a distinct role in ALL. A phase II trial
of ibrutinib in R/R B cell ALL was terminated in 2016 due to
slow accrual (NCT02129062). A phase II study of ibrutinib
and blinatumomab in adult patients with R/R B cell ALL is
planned but not yet open to recruitment (NCT02997761).

BCL2 Inhibitors: Navitoclax and Venetoclax

The B cell lymphoma-2 (BCL-2) proteins tightly regulate cell
death. Evasion of cell death by malignant cells and the regu-
lation of apoptosis have become an intense area of drug
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development over the last several years. BCL-2 inhibitors
block the binding of BCL-2 to anti-apoptotic proteins, trigger-
ing cell death. Navitoclax (ABT-263) is a BCL-2 inhibitor
which showed responses in patient-derived xenograft models
of B cell precursor, T-ALL, and MLL-mutated ALL [47];
however, dose-limiting thrombocytopenia has limited the
progress of navitoclax in pediatric ALL trials. A second-gen-
eration, selective BCL-2 inhibitor venetoclax (ABT-199) has
demonstrated activity against ALL in xenograft models [48].
While it has shown promise in the treatment of CLL and
studies in other B cell malignancies are underway (e.g.,
NCT02419560), venetoclax has yet to be tested in ALL.

JAK-STAT Inhibitors

The Janus kinase-signal transducer and activator of transcrip-
tion (JAK-STAT) cell signaling pathway regulates gene tran-
scription. JAK1/2/3 are tyrosine kinases, and mutations in
these, especially JAK2, have been implicated in myeloprolif-
erative neoplasms. Even in the absence of JAK mutations,
aberrant over-activation of this signaling pathway has been
described in other malignancies such as Ph-like ALL.

Xenograft models studied showed decreased leukemia bur-
den with ruxolitinib, a selective JAK1/2 inhibitor [49]. Most
of the cell lines had mutations in JAK2 or cytokine receptor-
like factor 2 (CRLF2). A phase II COG study is evaluating
ruxolitinib with multi-agent chemotherapy in children with
newly diagnosed JAK-mutated or CRLF2-rearranged B cell
ALL (NCT02723994).

Since amplification of the JAK-STAT signaling pathway
has implicated in Ph-like ALL, studies are also evaluating
the use of ruxolitinib, compared to tyrosine kinase inhibitors
like dasatinib, in combination with chemotherapy, in this sub-
type of ALL. A phase I study is evaluating the addition of
ruxolitinib to dasatinib plus dexamethasone in Ph+ALL
(NCT02494882). A phase II study is underway to assess the
response rates of Ph-like ALL to either ruxolitinib or dasatinib
in combination with chemotherapy (NCT02420717).

PD-1 Inhibitors: Nivolumab

Presentation of peptides by major histocompatibility complex
(MHC) enables native T cells to recognize tumor-specific anti-
gens [50]. Malignant cells evade immunosurveillance as they
lack expression of costimulatory molecules and induce anergy.
Nivolumab is a human IgG4 monoclonal antibody against anti-
programmed cell death protein-1 (PD-1); nivolumab dampens T
cell anergy and allows immunosurveillance of malignant cells to
take place. Nivolumab has been approved for treatment of non-
small cell lung cancer, melanoma, and relapsed Hodgkin lym-
phoma. Little is known about the role of nivolumab in ALL. A

phase I study is recruiting patients to investigate nivolumab plus
dasatinib in patients with R/R Ph+ALL (NCT02819804). A
phase I study is investigating blinatumomab, nivolumab with
or without ipilimumab in patients with poor-risk R/R CD19+
precursor B cell ALL (NCT02879695).

MEK Inhibitors

Ras pathway mutations are common, occurring in 40% of re-
lapsed pediatric ALL cases [51]. Kirsten rat sarcoma (KRAS)
and neuroblastoma RAS (NRAS) gene mutations identified at
the time of diagnosis have no prognostic significance in ALL,
but if developed during frontline treatment, patients are more
likely to have chemoresistant disease and poorer OS.

Mitogen-activated protein kinase (MEK) inhibition with
selumetinib showed in vitro and in vivo activity in RAS-
mutated ALL cell samples [51]. Combined MEK and
PI3K/AKT inhibition was also studied, which showed cyto-
toxicity in T-ALL cell samples [52]. Despite this information,
further studies of MEK inhibitors in ALL are lacking.
Pimasertib, a MEK1/2 inhibitor, was investigated in a variety
of hematologic malignancies including ALL, but this phase II
study was terminated due to low probability of clinical benefit
(NCT00957580). Trametinib has been investigated in other
hematologic malignancies but has not yet been investigated
in ALL.

PARP Inhibitors: Veliparib

Poly (ADP-ribose) polymerase (PARP) is a single-strand
break sensing protein and PARP inhibitors have been shown
to be cytotoxic to cancer cells but preventing the repair of
DNA damage in malignant cells. Preclinical studies showed
anti-proliferative effects on human cell lines in patients with
adult T cell leukemia/lymphoma by inducing apoptosis [53].

A phase I, multi-center study is evaluating veliparib and
temozolomide in patients with acute leukemia, including mul-
tiple subtypes of ALL (NCT01139970). Another phase I study
is evaluating veliparib and topotecan with or without
carboplatin with various hematologic malignancies including
R/R ALL (NCT00588991). A phase I/II trial is evaluating
veliparib, bendamustine, and rituximab in the setting of mul-
tiple malignancies, including R/R ALL (NCT01326702).

FLT3 Inhibitors: Midostaurin, Quizartinib,
and Lestaurtinib

FMS-like tyrosine kinase 3 (FLT3) has long been recognized
as a target in leukemia, as the receptor is overexpressed on
most blast cells and certain leukemias have high rates of FLT3
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mutations. Despite this, no FLT3 inhibitors have been incor-
porated into routine treatment for leukemia yet.

Midostaurin, a multi-target protein kinase inhibitor with
anti-FLT3 activity was investigated in R/R MLL-arranged
ALL and FLT3-positive AML. This phase I/II study was ter-
minated due to poor accrual (NCT00866281). Quizartinib, an
anti-FLT3 TKI, was investigated in R/R childhood ALL or
AML in a TACL study (NCT01411267). Lestaurtinib, an in-
hibitor of FLT3, JAK2, and other tyrosine kinases, is currently
being studied in a laboratory biomarker study in infants
(NCT01150669). A phase III study evaluating combination
chemotherapy with and without lestaurtinib in young children
is ongoing (NCT00557193).

Risk Assessments Impacting Therapeutic Strategy:
Minimal Residual Disease

Recent studies have demonstrated that minimal residual dis-
ease (MRD) measured during treatment constitutes the single
most important prognostic indicator [54]. High levels ofMRD
are associated worse prognosis. The preeminent theory is that
MRD measurement can be used to tailor treatment by identi-
fying high-risk patients who require more intensity therapy,
while sparing low- or standard-risk patients of unnecessary
treatment-related morbidities [54].

A large, multi-national, randomized trial (AIEOP-BFM-
ALL 2000) investigated the use of MRD in childhood ALL.
Patients underwent MRD testing on days 33 and 78 of induc-
tion therapy. MRD negative patients were randomized to stan-
dard delayed intensification or reduced-intensity delayed inten-
sification. The 4-year cumulative incidence of relapse, disease-
free survival and OS were not statistically different [55].

The recent National Comprehensive Cancer Network
guidelines for ALL state MRD testing is an essential aspect
of following patients after morphologic CR is achieved [56].
There are commercially available tests for MRD assessments,
but MRD testing is still not yet fully incorporated. Barriers to
the routine incorporation of MRD testing into clinical care
include different study techniques, lack of availability, diffi-
cult implementation, cost, turn-around time, and standardiza-
tion of definitions/levels even within the US [57].

Conclusion

At the University of Virginia, younger, fit patients with ALL
are treated with the augmented BFM, hyper-CVAD, or
CALGB 10403 regimens. Rituximab and dasatinib are added
for CD20+ and Ph+ALL, respectively. Higher-risk patients
undergo allogeneic SCT in first-CR. In older or less fit pa-
tients, treatments are individualized. Vincristine, steroids,
and low-dose anthracyclines are administered for four weekly

infusions as induction therapy. Zoster and Pneumocystis
pneumonia prophylaxis are used for all patients. For R/R dis-
ease, treatments depend on the ALL subtype. Nelarabine and
blinatumomab are utilized for R/R T- and B-ALL, respective-
ly. In Ph+ disease, mutation testing is performed for TKI re-
sistance. If relapse occurs within 1 year of achieving remis-
sion, then re-induction is with a different regimen; re-
induction therapy with the same regimen is considered if re-
lapse occurs after 1 year.

Significant strides have been made in the last few decades
in the treatment of pediatric and adult ALL. Multiple novel
therapeutic strategies have emerged and focus on specific as-
pects of ALL. Enhanced understanding of the complexities of
cellular signaling pathways has led to exploration of other
treatment strategies. MRD is also readily becoming a routine
aspect of following patients in remission to prognosticate their
relapse risk, with a high potential to impact treatment. There is
a gradual but inevitable shift towards personalization of man-
agement for ALL patients, which mirrors the shift in the on-
cologic treatment landscape at large.
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