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Abstract

Purpose of Review Patients with relapsed T cell acute lymphoblastic leukemia (T-ALL) have limited therapeutic options and a
poor prognosis. Although a variety of salvage chemotherapy regimens may be used, response rates are unsatisfactory. This article
summarizes current approaches and promising emerging strategies for the treatment of relapsed T-ALL.

Recent Findings Although nelarabine is the only agent approved specifically for T-ALL, recent studies have identified a variety of
genetic alterations and signaling pathways that are critical in its pathogenesis. Based on these findings, a number of small-molecule
inhibitors and other targeted therapies are being studied for relapsed T-ALL, including gamma-secretase inhibitors, BCL-2 inhib-
itors, cyclin-dependent kinase inhibitors, and mTOR inhibitors. In addition, pre-clinical studies of chimeric antigen receptor T cells
targeting CD5 and CD7 as well as the monoclonal antibody daratumumab have shown promising results for T-ALL.

Summary Relapsed T-ALL currently remains challenging to treat, but recent pre-clinical studies of targeted and immunotherapeutic
agents have shown encouraging results. A number of clinical trials investigating these approaches for T-ALL are currently underway.

Keywords T cell acute lymphoblastic leukemia - T-ALL - Relapse - Refractory - Treatment

Introduction

T cell acute lymphoblastic leukemia (T-ALL) accounts for ap-
proximately 15% of ALL cases and is twice as common in males
than females [1]. Historically, newly diagnosed T-ALL was as-
sociated with substantially worse outcomes compared to B cell
ALL (B-ALL), but this is no longer true with modern chemo-
therapy regimens. Although children with T-ALL continue to
experience slightly worse survival than those with B-ALL, the
gap has narrowed significantly [2, 3]. In adults, several recent
studies have shown equivalent or even superior survival in pa-
tients with T-ALL as compared to B-ALL. Among adults with
newly diagnosed ALL treated on the Eastern Cooperative
Oncology Group (ECOG) E2993/Medical Research Council
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(MRC) UKALLI12 trial, the rate of complete remission (CR)
for T-ALL and B-ALL was equivalent (94% vs. 93%; p=0.5),
and there was a trend toward improved 5-year overall survival
(OS) in the patients with T-ALL (48% vs. 42%; p =0.07) [4].
However, for those patients with T-ALL who do expe-
rience disease relapse or are refractory to induction thera-
py, outcomes remain poor. Unlike the treatment of relapsed
B-ALL, which has been revolutionized by the recent ap-
provals of blinatumomab, inotuzumab ozogamicin, and
chimeric antigen receptor (CAR) T cell therapy, there have
been no new agents specifically approved for relapsed T
cell ALL since nelarabine was approved in 2005.
Important progress has been made, however, in under-
standing the unique genetics and biology of T-ALL which
will hopefully lead to improvements in therapeutic options
for these patients. In this article, we review the outcomes
and current treatment options for patients with relapsed T-
ALL and discuss promising new approaches to therapy,
including immunotherapeutic and targeted approaches.

Risk of Relapse

In general, adults with T-ALL continue to have significant
rates of relapse, although better outcomes have been reported

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11899-019-00501-3&domain=pdf
mailto:selina.luger@uphs.upenn.edu

84

Curr Hematol Malig Rep (2019) 14:83-93

recently in younger adults treated on pediatric-inspired proto-
cols [5]. For adults with T-ALL treated on the E2993/
UKALLI2 study who achieved a CR, the incidence of relapse
at 5 years was 42% (95% confidence interval (CI), 36-47%)
and the 5-year OS was 48% (95% CI, 42-53%) [4]. In addi-
tion to age, other factors that have been reported to increase
the risk of relapse in patients with T-ALL include central ner-
vous system (CNS) involvement, an initial white blood cell
count > 100 K, a complex karyotype (> 5 cytogenetic abnor-
malities), and CD1a-negativity, among others, although the
relative impact of these factors has been inconsistent across
studies [4, 6]. Some studies have reported improved outcomes
in patients with NOTCHI or FBXW7 mutations, while the
presence of a mutation in NRAS, KRAS, or PTEN has been
associated with a higher cumulative incidence of relapse, but
again these results have not been consistent [7e¢].

With current chemotherapy regimens, measurable residual
disease (MRD) has emerged as the most important factor in
predicting relapse [7¢¢, 8, 9]. In a study of 464 children with T-
ALL treated in the AIEOP-BFM ALL 2000 study, MRD was
measured by polymerase chain reaction (PCR) 33 and 78 days
after the initiation of induction therapy [8]. Patients were strat-
ified into three groups based on MRD response: standard risk
(MRD-negative at both time points), intermediate risk (MRD-
positive at one time point), or high risk (MRD-positive at day
78 at a level greater than 10°) [8]. Seven-year EFS was
91.1% vs. 80.6% vs. 49.8% in the three groups, respectively
(p<0.001) [8]. Another study in adults with ALL who were
treated in the Group for Research on Adult Acute
Lymphoblastic Leukemia (GRAALL)-2003 and GRAALL-
2005 trials evaluated MRD by PCR for T cell receptor gene
rearrangement 6 weeks after starting induction therapy. Of the
126 T-ALL patients studied, a higher hazard ratio (HR) for
cumulative incidence of relapse was associated with MRD
levels > 10 (HR 2.93, 95% CI 1.5-5.71; p=0.002) [7+].
As more data become available, the role of MRD in the treat-
ment of T-ALL is likely to continue to evolve.

Because of the poor outcomes in patients with relapsed T-
ALL, a lot of research efforts have focused on improving
initial induction and/or consolidation regimens in order to re-
duce the risk of relapse. The incorporation of polyethylene
glycol-conjugated (PEG)-asparaginase or dexamethasone (in-
stead of prednisone) in frontline regimens has been reported to
decrease the risk of relapse in T-ALL [10e, 11-15]. In addi-
tion, the AALL0434 study for children and young adults with
T-ALL recently showed that Capizzi-style methotrexate dos-
ing was associated with superior 5-year OS and DFS and a
decreased risk of relapse (in the CNS as well as marrow) in
comparison to high-dose methotrexate [3]. Given the activity
of nelarabine for relapsed T-ALL, it has also been studied in
combination with chemotherapy for newly diagnosed T-ALL
[16-18]. In addition to the methotrexate randomization, the
AALLO0434 study also randomized patients with T-ALL to
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receive or not receive nelarabine in addition to chemotherapy.
Four-year disease-free survival (DFS) was improved in the
group that received the nelarabine (88.9% vs. 83.3%, p =
0.03) [19¢]. The ongoing UKALL14 trial NCT01085617) is
evaluating the benefit of nelarabine in addition to standard
chemotherapy in adults with newly diagnosed T-ALL.

Early T Cell Precursor ALL

Early T cell precursor (ETP) ALL was recognized as a new
provisional entity in the 2016 update to the World Health
Organization classification of acute leukemia and is character-
ized by a unique immunophenotypic and genetic profile [20,
21]. ETP-ALL expresses CD7, does not express CD1a or CD8,
and expresses at least one myeloid or stem cell marker (CD34,
CD117, HLA-DR, CD13, CD33, CD11b, or CD65) [20]. CD5
may be either weakly expressed or negative [20]. ETP-ALL
was initially identified as a distinct subtype of T-ALL in an
analysis of children who were enrolled in clinical trials at St.
Jude Children’s Research Hospital between 1992 and 2006.
Children with an ETP immunophenotype had a significantly
worse 10-year OS (19%; 95% CI 0-92%) than children with
non-ETP T-ALL (84%; 95% CI1 72-96%) (p < 0.001), as well
as a higher risk of induction failure and relapse [22].

However, more recent studies have not found such a signif-
icant difference in outcome or relapse risk in patients with ETP-
ALL [23, 24]. Patrick et al. analyzed the outcomes of children
and young adults with T-ALL who were treated in the UKALL
2003 study [23]. Although there was a trend toward a higher
relapse rate (18.6% vs. 9.6%, p =0.10) and a worse 5-year OS
(82.4% vs. 90.9%) in patients with ETP-ALL compared to
those with non-ETP-ALL, these differences were not statisti-
cally significant [23]. In the Children’s Oncology Group
(COG) AALL0434 study, which included 1144 children with
T-ALL, the patients with ETP-ALL had higher rates of induc-
tion failure than those with non-ETP-ALL (7.8% vs. 1.1%,
p<0.0001), but there was no difference in 5-year EFS
(87.0% vs. 86.9%) or OS (93.0% vs. 92.0%) [24].

Treatment of Relapsed T-ALL

Despite the improvements in outcomes that have been ob-
served in patients with newly diagnosed T-ALL, survival re-
mains quite poor for those patients who relapse. Among 123
adult patients with T-ALL treated on the E2993/UKALL12
study who relapsed, only 8 of 123 patients (6.5%) were alive
after a median of 5.2 years of follow-up [4]. A small retro-
spective analysis of children with relapsed ALL who were
enrolled in trials of the Austrian Berlin-Frankfurt-Munster
Study Group also showed poor outcomes for patients with
relapsed T-ALL with a 10-year OS of 21% + 8% [25]. Ten-
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year OS was significantly worse for patients with relapsed T-
ALL than B-ALL [25].

Although nelarabine and liposomal vincristine are both ap-
proved for the treatment of relapsed T-ALL, there is no single
standard of care salvage chemotherapy regimen used in this
setting. Desjonqueres et al. retrospectively analyzed the sal-
vage chemotherapy regimens selected and treatment out-
comes for adults with ALL who relapsed after treatment on
the GRAALL-2003 and GRAALL-2005 protocols [26¢]. The
patients were treated with a wide variety of ALL regimens,
including hyper-CVAD (cycles of cyclophosphamide, vincris-
tine, doxorubicin, and dexamethasone alternating with cycles
of high-dose methotrexate), pediatric-inspired regimens, other
anthracycline-based or methotrexate-based regimens, and
nelarabine, in addition to lower intensity regimens (primarily
vincristine and steroids) [26°]. Notably, 56% of the patients
with relapsed T-ALL did achieve a second remission with
salvage chemotherapy [26¢]. A longer duration of first remis-
sion (> 18 months) and a younger age (<45 years) were asso-
ciated with an increased likelihood of achieving a second re-
mission (p = 0.009). Potential benefit of a salvage chemother-
apy regimen therefore depends on both patient-specific and
disease-related factors, including duration of first remission. If
a second remission is achieved and the patient is a candidate
for allogeneic hematopoietic stem cell transplantation
(HSCT), transplant seems to improve outcomes [27].

Nelarabine

Nelarabine is a pro-drug that is rapidly converted to the deriv-
ative of deoxyguanosine 9-b-d-arabinofuranosylguanine (ara-
Q) after intravenous administration [28, 29]. Deoxyguanosine
analogues were originally studied as a treatment for T-ALL
based on the clinical observation that patients with a congen-
ital deficiency of purine nucleoside phosphorylase have a se-
vere T cell immune deficiency as a result of the buildup of
deoxyguanine triphosphate, which is selectively cytotoxic to
T cells [28, 30-32]. Nelarabine was granted accelerated ap-
proval by the U.S. Food and Drug Administration (FDA) in
2005 for the treatment of relapsed and/or refractory T-ALL in
adults and children who have received at least two prior lines
of chemotherapy, and today it remains the only agent that is
approved specifically for relapsed T-ALL [33].

The approval of nelarabine was based on several studies
done in children and adults demonstrating efficacy as mono-
therapy. The phase II COG study P9673 enrolled children
with relapsed and/or refractory T cell ALL or non-Hodgkin
lymphoma [34]. Of the 94 patients with T-ALL treated with
nelarabine, 28 (29.8%) achieved a CR [34]. Following two
dose de-escalations due to neurotoxicity, this study established
a dose of 650 mg/m*/day for 5 days as the optimal dose for
children [34]. The Cancer and Leukemia Group B study
19801 included 39 adults with relapsed and/or refractory T-

ALL who were treated with nelarabine at a dose of 1.5 g/m?*/
day on days 1, 3, and 5 [35]. The CR rate was 31% (95% ClI,
17-48%) and the 1-year OS rate was 28% (95% CI, 15-43%)
[35]. These results were confirmed in a larger phase II study
by the German Multicenter Study Group for Adult ALL
(GMALL) which included 126 evaluable adults with relapsed
and/or refractory T-ALL [36]. In this study, 45 of 126 patients
(36%) achieved a CR and the 1-year OS was 24% [36].

Of note, the FDA label for nelarabine includes a boxed
warning regarding the risk of severe neurotoxicity, which
was the dose-limiting toxicity in the early-phase studies [32].
Although the neurologic events are typically reversible with
cessation of the drug, this is not always the case and treatment-
related deaths due to neurotoxicity have been reported. In the
GMALL study, 16% of patients overall experienced neurotox-
icity (any grade), although only 7% of patients had grade 3 or
4 neurotoxicity [36]. The most common neurologic side ef-
fects included dizziness (6%), confusion (4%), and mood al-
terations (6%) [36]. Seizures, ataxia, coma, peripheral neurop-
athies, and a Guillan-Barre-like syndrome have also been re-
ported with nelarabine [34, 35]. The primary non-neurologic
toxicities of nelarabine are hematologic (neutropenia, anemia,
and thrombocytopenia) [35, 36].

Two small retrospective series have also reported the out-
comes of nelarabine in combination with cyclophosphamide
and etoposide for relapsed and/or refractory T-ALL [37, 38].
In a study of 7 children with relapsed and/or refractory T-ALL
who were treated sequentially with nelarabine (650 mg/m?/
day x 5 days) and etoposide (100 mg/m* x5 days)/cyclophos-
phamide (440 mg/m?/day x 5 days), 5 of 7 patients achieved
CR after 1 to 2 cycles [37]. Nearly all subjects experienced
neurotoxicity, primarily grade 2—3 sensory and motor neurop-
athies, although in most cases this was reversible [37]. A sim-
ilar analysis of 5 adults treated with the same regimen found
that 3 of 5 patients (60%) achieved CR after 1-2 cycles, and
two of these patients were successfully bridged to allogeneic
HSCT [38]. Notably, however, there were 2 treatment-related
deaths, including 1 patient who died from sepsis on day 28
and another patient who developed progressive neuromuscu-
lar weakness that led to respiratory failure on day 44, which
was attributed to nelarabine-induced neurotoxicity [38]. This
patient had received intrathecal chemotherapy in combination
with the nelarabine, so the authors suggested caution and con-
sideration for separating nelarabine and intrathecal chemo-
therapy in future studies [38]. Overall, these studies demon-
strate the efficacy of nelarabine monotherapy and provide a
rationale to further study nelarabine in combination with che-
motherapy for relapsed T-ALL.

Liposomal Vincristine

Liposomal vincristine sulfate (Marqibo) was approved by the
U.S. FDA in 2012 for the treatment of adults with T cell or
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Philadelphia chromosome (Ph)-negative B cell ALL in second
or greater relapse or with disease progression following at
least 2 prior lines of treatment and is given weekly by intra-
venous infusion at a dose of 2.25 mg/m* [39]. The encapsu-
lation of vincristine in liposomal nanoparticles comprised of
sphingomyelin and cholesterol has been shown to increase the
half-life and area under the curve of vincristine, allowing for a
higher concentration of drug in the blood compartment and
target organs (bone marrow, lymph nodes, and spleen) without
increasing toxicity compared to standard vincristine sulfate
[40—42]. The FDA approval was based on a phase II trial of
liposomal vincristine monotherapy in adults with relapsed Ph-
negative ALL [43]. Overall, 11% (7/65) of patients treated
achieved CR and an additional 9% (6/65) achieved CR with
incomplete count recovery (CRi) [43]. The overall response
rate was 35% (23/65). Of note, only 10 patients with T-ALL
were included in this trial, of which 2 (20%) achieved either
CR or CRi. The toxicity profile and rates of adverse events
were similar to standard vincristine sulfate, despite the longer
half-life and higher drug levels that are achieved with liposo-
mal vincristine. Although 29% of subjects experienced pe-
ripheral neuropathy, only 6% met the criteria for this to be
considered a serious adverse event. Other serious adverse
events observed with liposomal vincristine included constipa-
tion (3%), tumor lysis syndrome (5%), and neutropenic fever
(5%) [43]. A subsequent small phase I trial in children with
relapsed and/or refractory acute leukemia and solid tumors
demonstrated that children are able to safely tolerate the same
dose of liposomal vincristine as adults, although it is not cur-
rently approved for use in children [44].

T-ALL Pathogenesis

Given the limited options for therapy in patients with relapsed T-
ALL, pre-clinical research has focused on understanding bio-
logical mechanisms of T-ALL with the goal of identifying tar-
getable signaling pathways and/or genetic lesions [45]. Since
the discovery of activating mutations in NOTCH1 in a majority
of T-ALL cases 15 years ago, considerable progress has been
made in understanding the tremendous diversity of genetic al-
terations that contribute to T-ALL pathogenesis [45, 46].

Notch Signaling

Notch signaling is an evolutionarily conserved pathway with
important roles in normal T cell development, hematopoiesis,
and cell growth and proliferation [47, 48]. In normal biology,
four Notch genes (NOTCH 1—4) encode receptors that, follow-
ing interaction with their ligand, undergo a series of cleavages
by an ADAM metalloprotease and then the gamma-secretase
complex [49]. This leads to the release of the intracellular part
of the Notch protein, which subsequently translocates to the
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nucleus and activates transcription of a variety of genes [49].
Over 60% of T-ALL cases harbor mutations in NOTCH1
which cause the constitutive activation of Notch signaling
[46, 47, 50e¢]. In rare cases, t(7;9)(q34;q34.3) chromosomal
translocations involving NOTCH] also occur in T-ALL [46].
Mutations in the ubiquitin ligase FBWX7 also occur in ap-
proximately 15% of T-ALL [51]. When FBWX7 is mutated,
the proteasomal degradation of active (intracellular) NOTCH1
is inhibited, leading to increased Notch signaling [51]. Of
note, the loss of CDKN2A, which encodes the tumor suppres-
sors pl6INK4A and p14ARF, often co-occurs with NOTCH1
mutations in T-ALL [45]. Overall, Notch signaling plays an
important role in the pathogenesis of a majority of T-ALL and
leads to the activation of a number of downstream effectors,
including Myc [47].

Genetic Heterogeneity of T-ALL

In a study by Liu et al., samples from 264 children and young
adults with T-ALL were analyzed by whole-exome DNA se-
quencing, RNA sequencing, and single-nucleotide polymor-
phism microarray-based genotyping [50e¢]. Driver mutations
were identified in 106 genes [50¢¢]. In addition to mutations in
genes that were already known to occur in T-ALL, such as
NOTCHI1, FBXW7, and PTEN, the authors identified 39 re-
currently mutated genes that had not previously been de-
scribed [50+¢]. Additionally, 255 gene rearrangements leading
to the formation of 83 fusion proteins were identified [50e¢].
The genes most commonly involved in these chromosomal
translocations included MLLT10, KMT2A, ABLI, and
NUP9Y8 [50+]. By integrating these analyses, the authors iden-
tified the following 10 categories of pathways which are fre-
quently aberrant in T-ALL, in descending order of frequency:
transcriptional regulation, cell cycle regulation and/or tumor
suppression, Notchl signaling, epigenetic regulation, PI3K-
AKT-mTOR, JAK-STAT, Ras signaling, ribosomal function,
ubiquitination, and RNA processing [50¢¢]. Another group
compared the genetics of ETP-ALL to non-ETP T-ALL and
found that ETP-ALL is genetically distinct and is character-
ized by genes regulating cytokine receptor signaling or Ras
signaling, hematopoietic development, or histone modifica-
tions [21]. Together, these data highlight the substantial genet-
ic heterogeneity in T-ALL and suggest that an approach of
targeting different pathways in different subgroups of patients
with T-ALL may lead to improved outcomes.

Targeting Notch

Several strategies to inhibit Notch signaling have been inves-
tigated for T-ALL, most notably gamma-secretase inhibitors
(GSIs). GSIs prevent the cleavage of Notch from the cellular
membrane, thereby preventing translocation to the nucleus
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and Notch-mediated transcriptional activation [47]. In vitro
studies demonstrated that GSIs inhibit cell growth and induce
apoptosis in certain T-ALL cell lines, particularly in combina-
tion with glucocorticoids [52-54, 55]. Despite promising pre-
clinical data, early-phase clinical trials of GSIs for relapsed T-
ALL were disappointing due to both limited anti-leukemic
effects and systemic toxicity [56—58]. Dose escalation of
GSIs in phase I studies was limited by systemic side effects,
namely gastrointestinal toxicity [56—58]. It is possible that
these side effects prevented dose escalation to levels that suf-
ficiently inhibit Notch, which may be why only occasional
clinical responses were observed [56—58]. Several mecha-
nisms of resistance to GSIs have also been reported, including
loss of PTEN, Notch-independent Myc activation, and epige-
netic alterations [47, 59, 60].

Current research aims to identify combination therapies
that prevent or overcome resistance to GSIs, inhibit
downstream effectors of Notch signaling, and improve the
specificity of agents targeting mutant Notch1. Using a systems
biology “virtual screening” approach, Sanchez-Martin et al.
identified withaferin A, rapamycin, and vorinostat as having
synergistic activity in combination with GSIs in vitro [61¢].
Pre-clinical studies have also suggested that inhibiting down-
stream effectors of Notch such as the sarco/endoplasmic retic-
ulum calcium ATPase (SERCA) channels, the coregulator
Zmizl, or c-Myc might inhibit Notch signaling without the
systemic side effects that have been associated with GSIs
[62—64]. Other approaches that have been studied in the pre-
clinical setting include selective antibodies targeting individ-
ual Notch receptors and direct inhibitors of the Notch tran-
scription factor complex [65-67].

Immunotherapeutic Approaches

The development of cellular and antibody-based therapies for
T-ALL has lagged significantly behind B-ALL, for which an
antibody-drug conjugate (inozutumab ozogamicin), a
bispecific T cell engager (blinatumomab), and a CAR T cell
therapy (tisagenlecleucel) have all been approved within the
past few years. In the case of T-ALL, it has been challenging
to identify unique antigens on the surface of leukemic blasts
that are not present on normal T cells, which is problematic
because of the life-threatening opportunistic infections asso-
ciated with prolonged T cell aplasia [68]. However, several
groups have made significant progress in addressing some of
these challenges, as briefly outlined here.

CART cells

The identification of a unique target on T-ALL cells that is not
present on healthy T cells is particularly critical for the devel-
opment of CAR T cell therapies given the risk of “fratricide,”

or that the engineered T cells will target each other [68]. There
is also the risk that a CAR T cell product could be contami-
nated with a patient’s malignant T cells [68]. Mamonkin et al.
recently engineered a CAR targeting CDS5, which is expressed
by a majority of T-ALLs but only a subset of healthy T cells
[69+¢]. They showed that these CAR T cells could be expand-
ed ex vivo, eliminate T-ALL cells in vitro, and slow the pro-
gression of disease in a mouse xenograft model of T-ALL with
only minimal fratricide, perhaps because CD5 is downregu-
lated after binding with its ligand [68, 69+°]. Based on these
data, a phase I trial NCT03081910) of CD5-targeted CAR T
cells for patients with relapsed T-ALL and T cell lymphomas
has been initiated. A list of selected ongoing clinical trials for
relapsed T-ALL is provided in Table 1.

Another potential target that is expressed by most T-
ALLs is CD7, which is also expressed on normal T cells.
In a creative approach to overcoming the issue of fratri-
cide, several groups have investigated ways to remove or
prevent the expression of CD7 on the surface of the
engineered T cells. Gomes-Silva et al. used CRISPR/
Cas9 gene editing technology to remove CD7 from the
surface of T cells engineered to target CD7, and they
demonstrated that these CAR T cells could effectively
eliminate T-ALL cells both in vitro and in vivo [70ee].
A phase I clinical trial (NCT03690011) evaluating this
approach for T cell malignancies is currently in progress
[70e¢]. “Oft-the-shelf” universal CAR T cells targeting
CD7, in which both CD7 and the T cell receptor alpha
chain have been edited out, have also been developed and
have shown promising pre-clinical results for T-ALL
[71<]. A new technology called protein expression blocker
(PEBL) has also been studied as a method of preventing
the expression of CD7 on the surface of CAR T cells by
sequestering it in the endoplasmic reticulum/Golgi appa-
ratus [72]. Other adoptive cellular therapy approaches that
are being studied for T-ALL include engineered NK cells
(as an alternative to T cells) and shorter-lived mRNA-
based CAR T cells, among others [68].

Monoclonal Antibodies

Several antibody-based approaches for T-ALL have been eval-
uated, most notably daratumumab. Daratumumab is a mono-
clonal antibody that binds an epitope of CD38 and is approved
for the treatment of relapsed and/or refractory multiple myelo-
ma. Bride et al. found that CD38 is typically expressed on T-
ALL cells and showed efficacy of daratumumab in 14 of 15 T-
ALL patient-derived xenografts studied [73¢¢]. An international
multicenter phase II study (NCT03384654) is currently evalu-
ating daratumumab in combination with chemotherapy for chil-
dren and young adults (< 30 years) with relapsed and/or refrac-
tory T or B cell ALL. Another potential target to study in T-
ALL is CD30. Although CD30 is only expressed in about one-
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Table 1 Selected ongoing trials for relapsed T-ALL

Study Target Ph.  Patients

Intervention

Immunotherapeutic studies

NCTO03384654 CD38 I 1-30 years old with R/R T- or B-ALL
NCT03690011 CD7 I <75 years old with relapsed T-ALL or T cell lymphoma
NCTO03081910 CD5 I
NCT02763384 CXCR4 Ila  >18 years old with R/R T-ALL

Targeted agents
NCTO03181126 BCL-2 I >4 years old with R/R T- or B-ALL
NCT03504644 BCL2 Ib/Il >18 years old with R/R T- or B-ALL
NCT03132454 CDK4/6 I >15 years old with R/R T- or B-ALL
NCT03515200 CDK4/6 I <21 years old with R/R T- or B-ALL
NCT01523977 mTOR I 18 months—21 years old with relapsed T- or

Ph-negative B-ALL

NCT01614197 mTOR 1-21 years old with R/R T- or B-ALL
NCT03705507 MEK /I All ages with R/R T- or B-ALL with Ras mutation
NCTO03613428 JAK1/2 I 13-75 years old with R/R ETP-ALL

Other
NCT02879643 Microtubule I 1-21 years old with relapsed B- or T-ALL
NCT02303821 Proteasome Ib 1-21 years old with R/R T- or B-ALL

Daratumumab + chemotherapy
CAR T cells targeting CD7

<75 years old with relapsed T-ALL or T cell lymphoma CAR T cells targeting CD5

BL-8040 + nelarabine

Venetoclax + navitoclax + chemotherapy
Venetoclax + liposomal vincristine

Palbociclib in combination with sorafenib,
decitabine, or dex

Palbociclib + chemotherapy
Everolimus + chemotherapy

Temsirolimus + etoposide and cyclophosphamide
Selumetinib + dex

Ruxolitinib + chemotherapy

Liposomal vincristine + chemotherapy
Carfilzomib + chemotherapy

Ph., phase; R/R, relapsed and/or refractory; CAR, chimeric antigen receptor; m7OR, mammalian target of rapamycin; E7P, early T-precursor; CDK,

cyclin-dependent kinase; dex, dexamethasone

third of T-ALL cases, drugs targeting it have already been de-
veloped for other indications (e.g., brentuximab vedotin for
Hodgkin lymphoma) and therefore may be worth exploring in
the setting of T-ALL [74].

Chemokine Receptors

Inhibition of the chemokine receptor CXCR4 decreases
the survival and proliferation of T-ALL cells in vitro and
has been shown to inhibit the homing of T-ALL cells to
the bone marrow niche (leukemia-initiating activity) in
mouse models [75]. Pre-clinical data have also suggested
that the inhibition of CXCR4 may impair the interaction
of T-ALL cells with the bone marrow microenvironment
[75]. Based on this, a short peptide antagonist of CXCR4,
BL-8040, is being studied in combination with nelarabine
in a phase Ila study for adults with relapsed and/or refrac-
tory T-ALL (NCT02763384).

Small-Molecule Inhibitors and Other Targeted
Agents
Venetoclax

Venetoclax is an oral inhibitor of the anti-apoptotic protein Bcl-
2 that is approved for the treatment of chronic lymphocytic
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leukemia, as well as for older patients with acute myeloid leu-
kemia in combination with a hypomethylating agent or low-
dose cytarabine. Several pre-clinical studies have demonstrated
that subsets of T-ALL cell lines and patient samples are sensi-
tive to venetoclax, particularly those with an immature or ETP
phenotype [76, 77¢]. A phase IB/Il ECOG-ACRIN study
(NCT03504644) is evaluating venetoclax in combination with
liposomal vincristine for adults with relapsed or refractory ALL
(T and B cell). An early-phase dose-escalation study
(NCTO03181126) of venetoclax in combination with navitoclax
(a Bcl-2 inhibitor that also inhibits Bcl-X; and Bcel-w) and
chemotherapy is also ongoing for children (> 4 years old) and
adults with relapsed or refractory ALL.

Cyclin-Dependent Kinase Inhibitors

Palbociclib is an inhibitor of the cyclin-dependent kinases
CDK4 and CDKG®6 that is used to treat hormone receptor—
positive metastatic breast cancer. Palbociclib has been shown
to inhibit cell cycle progression in T-ALL cell lines and pri-
mary patient samples and to inhibit disease progression in
Notch1-mediated mouse models of T-ALL [78-80]. A phase
I trial (NCT03515200) is evaluating palbociclib in combina-
tion with chemotherapy in children with relapsed and/or re-
fractory T or B cell ALL. Another phase I study
(NCTO03132454) is studying palbociclib in combination with
dexamethasone, sorafenib, or decitabine in adults and
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adolescents (> 15 years old) with ALL. Of note, because
palbociclib causes cell cycle arrest in T-ALL cells, there has
been a theoretical concern that palbociclib might impair the
efficacy of conventional chemotherapeutic agents, many of
which are dependent on cell proliferation. To investigate this,
Pikman et al. evaluated the CDK4/6 inhibitor LEEO11 in com-
bination with various agents that are commonly used to treat
T-ALL [80]. They found that LEEO11 was synergistic with
glucocorticoids and mTOR inhibitors but was antagonistic
with several other agents, including methotrexate, mercapto-
purine, and L-asparaginase [80]. Whether these in vitro find-
ings will translate to humans is currently unknown but may
make sense to consider in the design of future trials or correl-
ative studies of CDK4/6 inhibitors for T-ALL.

PI3K/mTOR Inhibitors

Mutational loss of the tumor suppressor PTEN occurs in ap-
proximately 8% of T-ALL cases, which leads to the activation
of the PI3K/Akt/mTOR signaling pathway and may also me-
diate resistance to glucocorticoids, GSIs, and/or chemothera-
py [59, 81-83]. Dysregulation of PI3K/Akt signaling also
occurs via other mechanisms in T-ALL. An analysis of pedi-
atric T-ALL samples by array comparative genomic hybridi-
zation, fluorescence in situ hybridization (FISH), and se-
quencing found that, overall, aberrations in PI3K, AKT, and/
or PTEN were present in 21/44 (47.7%) of samples [82].
Pharmacologic inhibition of PI3K, Akt, or mTOR signaling
has been shown to inhibit cell proliferation and induce apo-
ptosis in T-ALL cell lines and to inhibit tumor growth in
mouse models [83—86]. Based on these data, ongoing clinical
trials are evaluating the mTOR inhibitors everolimus
(NCTO01523977) and temsirolimus (NCT01614197) in com-
bination with chemotherapy in children with relapsed ALL.

Tyrosine Kinase Inhibitors

NUP215-ABL1 fusions, in which the member of the nuclear
pore complex NUP214 and the kinase ABL1 form a constitu-
tively active fusion protein, occur in 3.9-5.8% of T-ALL cases
[87, 88]. Of note, NUP214-ABL1 fusions are typically cryptic
on metaphase chromosome analysis and therefore need to be
identified by either FISH or molecular testing [87]. The tyro-
sine kinase inhibitors imatinib, dasatinib, and nilotinib, which
target the BCR-ABLI fusion protein, have also been studied
for NUP215-ABL1 fusion-positive T-ALL. All three agents
induced apoptosis in human NUP214-ABL1-positive T-ALL
cell lines, and dasatinib was also shown to have activity in a
xenograft model [89]. In a case report, dasatinib induced a
complete remission in a young adult with relapsed T-ALL
with a NUP215-ABLI fusion [90]. In a different but similar
case, imatinib was used in combination with vincristine and
prednisone, although the duration of response in that instance

was somewhat brief (6 months) [91]. To better evaluate the
potential role for TKIs in this setting, a larger cohort of pa-
tients with T-ALL with NUP215-ABLI fusions will need to be
studied.

Our Current Approach

Despite the recent progress that has been made in defining
targetable pathways in T-ALL, our approach to patients with
relapsed T-ALL currently still relies on chemotherapy with the
goal of achieving a second remission followed by allogeneic
HSCT for all patients who are eligible and who have not
previously undergone transplantation. In general, we consider
a clinical trial when possible for patients with relapsed T-ALL.
If relapse occurs > 1 year after a first remission was achieved,
consideration can also be given to repeating the initial induc-
tion regimen (i.e., hyper-CVAD). At our institution, we often
select a nelarabine-based regimen (i.e., sequential nelarabine
followed by etoposide and cyclophosphamide [38]), and we
consider nelarabine or liposomal vincristine monotherapy in
patients who are older and/or are unable to tolerate more in-
tensive regimens. Unfortunately, as of January 2019, there is
an ongoing national drug shortage of nelarabine, and it is
unclear when this supply issue will be resolved.

Conclusions

In summary, outcomes of newly diagnosed T-ALL have im-
proved significantly in recent years with the addition of agents
such as PEG-asparaginase and nelarabine, the modification of
methotrexate dosing and timing, and changes in the choice of
steroids in frontline chemotherapy regimens. Unfortunately,
however, outcomes remain unsatisfactory for those patients
who do experience disease relapse. Nelarabine and liposomal
vincristine are the only drugs that are approved for the treat-
ment of relapsed T-ALL, and a variety of salvage chemother-
apy regimens may be used in this setting. Recent pre-clinical
and genetic studies have identified recurrent genetic lesions
and aberrant pathways that are important in T-ALL pathogen-
esis. Improved targeting of these pathways and/or the devel-
opment of novel immunotherapeutic approaches will hopeful-
ly lead to improved therapeutic options for patients with re-
lapsed and/or refractory T-ALL, and a number of clinical trials
are currently ongoing.
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