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Abstract: Patients with relapsed or refractory acute lymphoblas-

tic leukemia (R/R ALL) have dismal outcomes, with survival of 

less than 6 months, and treatment options in the salvage setting 

have been limited to conventional cytotoxic chemotherapy with 

minimal activity. Advances in the development of novel targeted 

therapies have significantly improved outcomes in R/R ALL. Blina-

tumomab, inotuzumab ozogamicin, and chimeric antigen recep-

tor (CAR) T-cell therapy constitute new treatment modalities that 

are challenging the historical regimens and paving a new path for 

treating patients with R/R ALL. 

Introduction 

Adult acute lymphoblastic leukemia (ALL) is treated with the same 
multiagent chemotherapy regimens used in pediatric ALL, but they 
have failed to produce similar outcomes. Although these regimens 
induce high rates of complete remission (CR; 90%), an estimated 
40% to 50% of adult patients with ALL experience relapse.1,2 His-
torically, treatment options in the relapsed or refractory (R/R) setting 
have been limited to conventional cytotoxic chemotherapies, which 
result in CR rates of only 30% to 40% in first salvage and only 10% 
to 20% in second salvage,3 necessitating the development of novel 
therapies to improve outcomes in adult R/R ALL. 

Antibody-targeted therapies and chimeric antigen receptor 
(CAR) T-cell therapies are major breakthroughs in the management 
of R/R ALL. Monoclonal antibodies directed at cell surface antigens 
such as CD20, CD19, and CD22 function via complement-depen-
dent cytotoxicity, antibody-dependent cell-mediated cytotoxicity, 
or direct phagocytosis. With nearly all precursor and mature B cells 
expressing CD19, and more than 90% of precursor and all mature B 
cells expressing CD22, blinatumomab (Blincyto, Amgen) and inotu-
zumab ozogamicin (Besponsa, Pfizer) are optimal antibody-targeted 
therapies.4 Studies have shown significant improvement in outcomes 
with the use of each agent within the salvage setting, allowing better 
treatment options than those previously available. Furthermore, the 
development of CAR T cells is an innovation in the treatment of R/R 
ALL. This article reviews emerging therapies in treatment of R/R 
ALL that are challenging the current status quo. 
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experienced relapse after allogeneic stem cell transplant 
(alloSCT), 69% had more than 50% blasts in the bone 
marrow, and 39% had received at least 2 prior salvage 
therapies. Blinatumomab was given as a continuous IV 
infusion at the FDA-approved dose for a maximum of 5 
cycles. Prior to initiating treatment, dexamethasone was 
administered to patients with a high disease burden to 
mitigate CRS. At a median follow-up of 9.8 months, the 
median overall survival (OS) was 6.1 months. A CR or 
CR without hematologic recovery (CRh) was achieved in 
81 patients (43%) after 2 cycles. Minimal residual dis-
ease (MRD) was assessed in 73 patients, and of these, 60 
(82%) became MRD-negative, which translated into lon-
ger median relapse-free survival (RFS) and median OS in 
comparison with those who remained MRD-positive (6.9 
vs. 2.3 months and 11.5 vs. 6.7 months, respectively). 
AlloSCT was conducted in 32 patients (40%) who were 
in CR/CRh. Neurologic toxicity of grade 3 or higher 
occurred in 24 of the 189 patients (13%). Neutropenia 
(16%), anemia (14%), and febrile neutropenia (25%) 
were the most common grade 3 or higher adverse events. 
In a pooled analysis of phase 2 studies with single-agent 
blinatumomab that assessed the relationship between age 
and outcomes, the hematologic response rates in older 
and younger adults were similar. The rates of grade 3 or 
higher adverse events among younger patients (<65 years, 
86%) and older patients (≥65 years, 80%) did not differ, 
except that the rate of grade 3 or higher neurologic events 
was higher in older patients (28% vs 13%).8 

The phase 3 TOWER trial (Blinatumomab Versus 
Standard of Care Chemotherapy in Patients With Relapsed 
or Refractory Acute Lymphoblastic Leukemia) compared 
blinatumomab (n=271) with investigator’s choice of 
standard-of-care chemotherapy (n=134) in patients who 

Philadelphia Chromosome–Negative 
Relapsed/Refractory ALL

Blinatumomab 
Blinatumomab is a bispecific T-cell–engaging antibody 
(BiTE) engineered to form a synapse between CD3 T 
cells and CD19 B cells. This link, which bypasses the typi-
cal mechanism of the major histocompatibility complex 
1 T-cell receptor complex, causes cytokine release and 
T-cell proliferation.5 The cytolytic T cells then induce 
B-cell apoptosis through pore-forming perforins and 
proteases. Phase 1 studies with blinatumomab were first 
conducted in non-Hodgkin lymphoma, in which the 
drug was infused intravenously over 2 to 4 hours up to 3 
times weekly.6 However, the lack of efficacy and increased 
neurologic toxicity led to study termination. Owing to 
the dose-dependent activity, linear time-dependent clear-
ance, and short half-life (approximately 2 hours) of blina-
tumomab, prolonged exposure to the drug is required 
for T-cell activation and B-cell depletion. Therefore, 
subsequent trials studied blinatumomab as a continu-
ous intravenous (IV) infusion administered over several 
weeks to enhance efficacy and reduce toxicity (Table 1). 
Most adverse events, including cytokine release syndrome 
(CRS) and neurologic toxicity, occur within the first cycle 
as T cells are proliferating. The severity of CRS in par-
ticular is directly associated with the level of the disease 
burden, and CRS frequently can be managed by holding 
blinatumomab and administering corticosteroids. 

A phase 2 confirmatory study that garnered accel-
erated approval for blinatumomab from the US Food 
and Drug Administration (FDA) was conducted in 189 
patients with Philadelphia chromosome (Ph)–negative, 
R/R pre–B-cell ALL (Table 1).7 Of these, 34% had 

Table 1.  Blinatumomab Clinical Trial Results 

Clinical Trial Phase 27 BLAST17 TOWERa,9 ALCANTARA28

No. of patients 189 116 271 45

Treatment setting R/R Ph– ALL MRD+ ALL R/R Ph– ALL R/R Ph+ ALL

ORR 43%b NA 44% 36%b

CR 
CRh

33% 
10% NA 34% 

10%
31% 
4%

MRD negativity rate 82%b 78%c 76% 88%b

Median OS, mo 6.1 36.5 7.7 7.1
a Blinatumomab treatment arm
b Within 2 cycles 
c At the end of cycle 1

ALL, acute lymphocytic leukemia; CR, complete remission; CRh, complete remission with partial or incomplete hematologic recovery; mo, 
months; MRD, minimal residual disease; ORR, objective response rate; OS, overall survival; Ph, Philadelphia chromosome; R/R: relapsed or 
refractory.
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had R/R Ph-negative ALL.9 The overall response rates 
were 44% and 25% (P<.001), respectively. The median 
OS was 4.0 months (range, 2.9-5.3 months) with stan-
dard-of-care chemotherapy vs 7.7 months (range, 5.6-
9.6 months) with blinatumomab (P=.01). The median 
OS was also significantly superior in the blinatumomab 
group after censoring for alloSCT (6.9 vs 3.9 months, 
P=.004). Among the responders, the rates of molecular 
remission—defined as fewer than 10-4 blasts in the first 
12 weeks—were 76% with blinatumomab and 48% with 
standard-of-care chemotherapy. An analysis of outcomes 
based on salvage status revealed a survival benefit for 
blinatumomab vs standard-of-care chemotherapy in both 
salvage 1 (11.1 vs 5.5 months) and salvage 2 or later (5.1 
vs 3 months).10 Grade 3 or higher adverse events occurred 
in 87% of the patients receiving blinatumomab and 92% 
of those receiving standard-of-care chemotherapy. The 
rates of grade 3 or higher neutropenia (57.8%), throm-
bocytopenia (11.9%), and infection (52.3%) were higher 
with standard-of-care chemotherapy, whereas neurologic 
events (9.4%) were more common with blinatumomab.9 

Minimal Residual Disease. Several studies have identi-
fied MRD positivity as an independent risk factor for a 
poor prognosis as a consequence of higher relapse and 
shorter survival rates.11-13 A meta-analysis by Berry and 
colleagues in 13,637 pediatric and adult patients with 
ALL reported longer 10-year event-free survival (EFS) in 
patients with MRD negativity than in those with MRD 
positivity (64% vs 21% in adults and 77% vs 32% in 
pediatric patients).14 No differences were found between 
subgroups and covariates. These findings validate MRD 
status as a strong predictor of response and outcomes; 
therefore, patients should be evaluated for MRD status 
early in treatment because it can be used to guide treat-
ment strategy. Blinatumomab has proved to be effective 
in attaining MRD negativity, allowing patients with R/R 
ALL to proceed to alloSCT. 

Blinatumomab was first studied by Topp and col-
leagues in patients who achieved morphologic and hema-
tologic remission but had persistent or reappearing MRD 
positivity.15,16 Blinatumomab was given as a continuous 
IV infusion for 4 weeks at a dose of 15  µg/m2 per day. 
The total number of evaluable patients was 20, of whom 
16 (80%) achieved MRD negativity after the first cycle. 
After patients became MRD-negative, they were offered 
alloSCT if a donor was available. Interestingly, there was 
no difference in outcomes between those who underwent 
alloSCT and those who did not. With a median follow-
up of 33 months, the OS rate was 60%. Most relapses 
occurred within 7 months after the initiation of treatment. 

In the landmark BLAST trial (Confirmatory Phase 
II Study of Blinatumomab in Patients With Minimal 

Residual Disease of B-precursor Acute Lymphoblastic 
Leukemia), blinatumomab was studied as a single agent 
in 116 patients with ALL who were in MRD-positive 
CR.17 Before receiving blinatumomab, 65% were in 
first CR and 34% were in second CR. Patients received 
blinatumomab at 15 µg/m2 per day as a continuous IV 
infusion for 28 days every 6 weeks for up to 4 cycles. At 
a median follow-up of 30 months, the median OS was 
36.5 months and the median RFS was 18.9 months. Of 
the 113 evaluable patients, 78% had a complete MRD 
response after cycle 1. Of note, OS was significantly lon-
ger in the patients who achieved MRD negativity after 
cycle 1 (39 months vs 12.5 months; P=.002). AlloSCT 
was offered to 67% of the patients. Among the patients in 
CR1 with an MRD response, alloSCT did not confer an 
additional survival benefit. 

Gökbuget and colleagues also assessed long-term 
outcomes with alloSCT after blinatumomab in two phase 
2 trials.18 After approximately 3 years, 62% (16/26) of 
the patients 35 years or younger who received an alloSCT 
were alive, compared with 22% (2/9) of those who did not 
undergo alloSCT. Among patients older than 35 years, 
40% (19/48) of those who underwent alloSCT were alive, 
vs 48% (13/27) of those who did not undergo alloSCT. 
These results suggest that alloSCT may still have a role 
in the management of patients in continuous complete 
remission after blinatumomab. 

Inotuzumab Ozogamicin 
Inotuzumab As a Single Agent. Inotuzumab is a CD22-
directed antibody linked to calicheamicin; once released 
in the target cell, it causes double-stranded DNA breaks 
that lead to apoptosis.19 A phase 2 study assessed the 
efficacy of inotuzumab in patients with R/R ALL (Table 
2).20 Inotuzumab was initiated at a dose of 1.3  mg/m2 
given by IV infusion every 3 to 4 weeks for the first 3 
patients, then at a dose of 1.8 mg/m2 by IV infusion for 
subsequent patients. Of the 49 patients enrolled, 73% 
had at least 2 prior salvage therapies and 14% had a 
prior transplant. After a median of 2 cycles, the overall 
response rate (ORR) was 57% and the median OS was 5 
months. MRD negativity occurred in 63% of the patients 
who responded. Approximately 50% of the patients 
underwent alloSCT, with a median OS of 5.2 months. 
The most common adverse effects were infusion-related 
hypotension and fever. Hyperbilirubinemia and elevated 
liver enzyme levels occurred in 24% and 55% of the 
patients, respectively. Veno-occlusive disease (VOD) was 
the most severe adverse event, which occurred in 23% of 
the patients and was attributed to alkylating agent expo-
sure as part of alloSCT conditioning regimens.

These results subsequently led to further expansion 
of the same phase 2 study to determine the optimal dose 



Clinical Advances in Hematology & Oncology  Volume 17, Issue 3  March 2019    169

T R E A T M E N T  O F  R E L A P S E D / R E F R A C T O R Y  A C U T E  LY M P H O B L A S T I C  L E U K E M I A

and schedule of inotuzumab and minimize toxicities 
while preserving efficacy. The study enrolled 41 patients, 
and inotuzumab was given at 0.8  mg/m2 by IV infu-
sion on day 1, followed by 0.5 mg/m2 by IV infusion on 
days 8 and 15.21 The weekly dosing schedule yielded a 
median OS of 9.5 months and an ORR that was not sig-
nificantly different than the every 3 to 4 weeks schedule 
(59% vs 57%, respectively). The weekly dosing caused 
less toxicity, such as pyrexia (9%) and VOD (7%), in 
comparison with a single dose given every 3 to 4 weeks. 
When the pharmacodynamics and pharmacokinetics of 
inotuzumab were assessed in patients with R/R ALL, the 
weekly dose equating to 1.8 mg/m2 or 1.6 mg/m2 per 
cycle was effective with manageable toxicities.22 In addi-
tion, a trend of higher peak and trough concentrations 
of inotuzumab was observed in MRD-negative patients. 
Greater drug exposure over time, indicated by a larger 
area under the curve, was achieved with the weekly dose 
than with the single monthly dose, without an increase 
in toxicities. Therefore, subsequent studies used weekly 
dosing of inotuzumab. 

In the phase 3 randomized INO-VATE trial (A 
Study of Inotuzumab Ozogamicin Versus Investigator’s 
Choice of Chemotherapy in Patients With Relapsed 
or Refractory Acute Lymphoblastic Leukemia), inotu-
zumab (N=109) was compared with standard-of-care 
chemotherapy (N=109) in patients with R/R ALL who 
were in salvage 1 or 2.23 Inotuzumab was given as a 
weekly infusion on days 1, 8, and 15 of each cycle for 
up to 6 cycles. The total dose was 1.8  mg/m2 by IV 
infusion per cycle, then decreased to a total of 1.5 mg/
m2 as soon as CR or CR with incomplete hematologic 
recovery (CRi) was achieved. The CR rate and ORR 
were significantly higher with inotuzumab than with 
standard-of-care chemotherapy (36% vs 17% and 
81% vs 29%, respectively; P<.0001). Responders 
had a higher rate of MRD negativity (78% vs 28%; 
P<.0001). The median progression-free survival (PFS) 
was 5.0 months with inotuzumab and 1.8 months with 
standard-of-care chemotherapy (P<.001). Median OS 
was 7.7 vs 6.7 months (P=.02). The 2-year survival 
rates were 23% and 10%, respectively. More patients 

Table 2. Inotuzumab Clinical Trial Results 

Inotuzumab Monotherapy
Inotuzumab With Low-Intensity 
Chemotherapy

Inotuzumab Plus 
Bosutinib31

Clinical trial Phase 220 Phase 221 INO-VATEa,23 Phase 225 Phase 2,  
Kantarjianb,26 Phase 1/2

No. of 
patients 49 41 109 59 52 16

Treatment 
setting

R/R Ph– 
ALL R/R Ph– ALL R/R Ph– ALL R/R Ph– ALL Frontline, elderly 

Ph– ALL R/R Ph+ ALLc

Treatment 
schema

1.8 mg/m2 
d 1

0.8 mg/m2 d 1
0.5 mg/m2 d 8, 15

1.8-1.3 mg/m2 cycle 1d 
1.3-1.0 mg/m2 cycles 2-4d

0.8 mg/m2 d 1
0.5 mg/m2 d 8, 15, 22

ORR 57% 59% 81% 78% 97% 81%

  CR rate 
  CRp rate 
  CRi rate

18% 
29% 
10%

20% 
32% 
7%

36%
NR 
45%

59% 
17% 
2%

85% 
10% 
2%

50% 
NR 
NR

MRD 
negativity rate 63% 72% 78% 82% 96% NR

Median OS, 
mo 5 9.5 7.7 11 Not reached 10.7

a Inotuzumab treatment arm

b Two patients with chronic myeloid leukemia in lymphoid blast crisis

c Inotuzumab dose was reduced after cases of VOD occurred with initial dose

d Phase 2 results from Lancet Oncology

ALL, acute lymphocytic leukemia; CR, complete response; CRi, complete response with incomplete recovery of peripheral blood counts; CRp, 
complete response without platelet recovery; d, day; ORR, overall response rate; MRD, minimal residual disease; NR, not reported; OS, overall 
survival; Ph, Philadelphia chromosome; R/R, relapsed/refractory.
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in the inotuzumab arm than in the standard-of-care 
chemotherapy arm proceeded to alloSCT (41% vs 
11%; P<.001). The rates of serious adverse events did 
not differ between the 2 groups. Liver-related toxicities, 
including VOD, were more frequent in the inotuzumab 
arm, whereas grade 3 or higher febrile neutropenia and 
thrombocytopenia were more frequent in the standard-
of-care chemotherapy arm. Of note, the incidence of 
hepatotoxicity and VOD increased with the number of 
prior therapies and with prior alloSCT. The rate of VOD 
in patients with prior alloSCT was 21%, compared with 
9% in those without prior transplant, largely owing to 
the use of dual alkylators in the alloSCT conditioning 
regimen. In a post hoc analysis, the PFS, MRD negativ-
ity rate, and duration of response were similar in the 
patients younger than 55 years and those 55 years and 
older. Median OS was longer in the patients younger 
than 55 years than in those 55 years and older (8.6 vs 5.6 
months), likely owing to the fact that a higher number 
of younger than of older patients proceeded to alloSCT 
(53% vs 27%; P=.0032). Further stratification by age in 
the patients who received inotuzumab revealed a median 
OS of 11.1 months in those aged 18 to 29 years and of 
7.7 months in those aged 30 to 54 years. Furthermore, 
the incidence of VOD after alloSCT in patients treated 
with inotuzumab was higher in those 55 years and older 
than in those younger than 55 years (41% vs 17%).24

Inotuzumab in Combination With Low-Intensity Che-
motherapy. Inotuzumab was also assessed in combination 
with low-intensity chemotherapy in patients who had 
R/R ALL to improve outcomes while minimizing toxic-
ity. A total of 59 patients were treated with dose-modified 
hyper-CVAD (cyclophosphamide, vincristine, doxorubi-
cin, dexamethasone) for 8 cycles plus inotuzumab given 
on day 3 of the first 4 cycles.25 The inotuzumab dose was 
decreased from 1.8-1.3 mg/m2 to 1.3 mg/m2 during cycle 
1 and to 1 mg/m2 during cycles 2 to 4 after cases of VOD 
occurred with the initial doses. Dose modifications to 
hyper-CVAD included the following: 50% dose reduc-
tion of cyclophosphamide and dexamethasone, 75% 
dose reduction of methotrexate, 83% dose reduction of 
cytarabine, and omission of doxorubicin. After induction 
and consolidation, patients received either maintenance 
with prednisone, vincristine, 6-mercaptopurine, and oral 
methotrexate (POMP) or alloSCT. The 1-year RFS and 
OS rates were 40% and 46%, respectively. Respond-
ers had an MRD negativity rate of 82%. The benefit in 
patients treated in salvage 1 was greater than the benefit 
in those treated in salvage 2 or later; the 1-year OS rates 
were 57%, 26%, and 39% in salvage 1, 2, and 3, respec-
tively (P=.03). AlloSCT was administered to 26 patients 
(44%). Those who proceeded to alloSCT in salvage 1 

gained the most benefit, with a 1-year OS rate of 63%. 
This demonstrates the importance of using inotuzumab 
earlier in treatment, which is being assessed in an ongoing 
phase 2 study in elderly patients with newly diagnosed 
B-cell ALL. A total of 52 patients with newly diagnosed 
Ph-negative ALL and median age of 68 years received ino-
tuzumab plus low-intensity hyper-CVD.26 The median 
follow-up was 29 months and the 2-year PFS rate was 
59%. VOD developed in 4 patients (8%), leading to 
1 death. Some of the most common grade 3 or higher 
adverse events included hyperbilirubinemia (17%, n=9), 
thrombocytopenia (81%, n=42), infections (52%, n=27), 
hyperglycemia (54%, n=28), and hypokalemia (31%, 
n=16). 

Recently, modifications to this low-intensity che-
moimmunotherapy program have been made that include 
lower fractionated doses of inotuzumab and the addition 
of blinatumomab for up to 4 cycles after completion of 
inotuzumab.27 The inotuzumab dose was decreased to a 
total of 0.9  mg/m2 during cycle 1, given as 0.6  mg/m2 
and 0.3 mg/m2, and to a total of 0.6 mg/m2 in subsequent 
cycles, given as 0.3 mg/m2 twice each cycle. Preliminary 
results from 48 patients with Ph-negative ALL in sal-
vage 1 treated with this regimen demonstrated positive 
outcomes. A CR occurred in 72% (n=35). Among the 
patients who responded, 93% achieved MRD negativ-
ity and half were able to proceed to alloSCT. After a 
31-month follow-up, the OS was 25 months and the PFS 
was 11 months. 

Ph-Positive Relapsed/Refractory ALL 

The incorporation of tyrosine kinase inhibitors (TKIs) 
has dramatically improved outcomes in patients with Ph-
positive ALL. However, patients who relapse still have a 
poor OS of less than 6 months with chemotherapy plus 
a TKI. Therefore, new treatment modalities, such as 
antibody-targeted therapies alone or in combination with 
TKIs, are being evaluated to improve outcomes. 

Blinatumomab
Blinatumomab was evaluated in patients with Ph-positive 
R/R ALL who either progressed on or could not toler-
ate a second- or later-generation TKI in the multicenter 
phase 2 ALCANTARA trial (Blinatumomab in Adults 
With Relapsed/Refractory Philadelphia Positive B-Pre-
cursor Acute Lymphoblastic Leukemia).28 Among the 45 
patients enrolled, 44% had a previous alloSCT, 38% had at 
least 2 relapses, and 60% had exposure to at least 2 second-
or later-generation TKIs. Of note, 27% of patients had a 
BCR-ABL T315I mutation. The objective response rate was 
36%. With a median follow-up of 9 months, the median 
OS and RFS were 7.1 and 6.7 months, respectively. 
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Blinatumomab was also assessed in combination with 
a TKI in Ph-positive R/R ALL.29 A total of 20 patients 
with Ph-positive R/R ALL or chronic myeloid leukemia 
in lymphoid blast (CML-LBP) received blinatumomab 
with a second-generation TKI. The ORR was 65%. With 
a median follow-up of 6 months, the median OS was 
14 months. Overall, the therapy was well tolerated and 
effective, indicating that prospective trials assessing the 
combination of TKIs and antibody-targeted therapies are 
warranted. 

Bosutinib Plus Inotuzumab Ozogamicin 
Patients with R/R Ph-positive ALL were included in studies 
of inotuzumab, specifically in the phase 1/2 trials by DeAn-
gelo and colleagues and the phase 3 trial comparing inotu-
zumab with standard chemotherapy.22,24 The outcomes of 
patients who had Ph-positive disease that failed to respond 
to prior TKIs and/or alloSCT and who were treated with 
inotuzumab in the above-mentioned trials were recently 
reported by Stock and colleagues.30 The analysis showed 
that the rates of MRD negativity and CR/CRi were higher 
in the patients treated with inotuzumab than in those 
treated with standard chemotherapy, which allowed more 
of the former group to proceed to alloSCT. This analysis 
demonstrates the activity of inotuzumab in Ph-positive 
ALL, indicating that studies with TKIs are warranted.

Bosutinib (Bosulif, Pfizer), a second-generation TKI, 
was recently studied in combination with inotuzumab 
in 16 patients who had R/R Ph-positive ALL (n=14) or 
CML-LBP (n=2).31 Inotuzumab was given at a dose of 
0.8 mg/m2 on day 1 and then 0.5 mg/m2 weekly every 4 
weeks for total of 6 cycles. Bosutinib was given at 3 dose 
levels: 300 (n=3), 400 (n=6), and 500 mg (n=7). Most 
patients were in first salvage (56%), 38% had 2 or more 
TKIs, and 38% had prior alloSCT. Of note, patients with 
T315I mutations were excluded. The treatment was well 
tolerated, with an ORR and a CR rate of 81% and 50%, 
respectively. Among the responders, 92% had a complete 
cytogenetic response and 85% had a major molecular 
response. The median OS for patients with R/R Ph-
positive ALL was 10.7 months, which was markedly 
higher than the 6-month OS of the patients who received 
conventional chemotherapy. 

Relapsed/Refractory T-Cell ALL 

Treatment options in R/R T-cell ALL are limited and 
have been similar to those used in B-cell ALL. Nelarabine 
(Arranon, Novartis) is a T-cell–specific purine nucleo-
side that is demethylated to arabinosylguanine (ara-G) 
and then converted to arabinosylguanine triphosphate 
(ara-GTP), which has a greater affinity for T cells; once 
incorporated into the DNA, it induces apoptosis.32 The 

encouraging response rates of 14% to 55% with single-
agent nelarabine in phase 1 led to a phase 2 study in adult 
R/R T-cell ALL.33,34 Of the 42 patients, 72% had 2 or 
more prior inductions and 13% had an alloSCT. Nelara-
bine was administered at 1.5 g/m2 by IV infusion on days 
1, 3, and 5 of a 22-day cycle. The ORR was 41% and 
the CR rate was 31%. The 1-year survival rate was 28%, 
and 4 patients proceeded to alloSCT. The most common 
grade 3 or higher adverse events were neutropenia and 
thrombocytopenia. Only 2 patients experienced neuro-
logic toxicity, an incidence lower than that noted in the 
early phase 1 trial. This was thought to be due to omission 
of the concomitant use of intrathecal therapy and other 
neurotoxic chemotherapies (eg, vincristine). Early T-cell 
precursor ALL is categorized as a high-risk subgroup of 
T-cell ALL. Currently, guidance on treating this subgroup 
is lacking; therefore, patients are treated with chemo-
therapy regimens similar to those used in other T-cell ALL 
subtypes, but with inferior outcomes.35

Currently, combination therapies with venetoclax 
(Venclexta, AbbVie), an oral BCL-2 inhibitor, are being 
investigated in T-cell ALL because it is characterized by 
high levels of BCL-2 expression.36-39 Venetoclax has also 
shown a synergistic effect with traditional ALL che-
motherapies such as corticosteroids, doxorubicin, and 
l-asparaginase; thus, the combination of this oral agent 
with the backbone of ALL treatment may be advanta-
geous and produce better outcomes.40

CAR T-Cell Therapy

Immune-based chimeric antigen receptor (CAR) T-cell 
therapy is revolutionizing the treatment of both pediatric 
and adult R/R B-cell ALL (Table 3). The CAR-modified T 
cells used for the treatment of B-cell ALL are engineered to 
contain an extracellular antigen domain that targets CD19 
and is linked to an intracellular component (CD3ζ) and 
a costimulatory domain. When CAR T cells are engaged, 
a cytotoxic response is stimulated through the activation 
and proliferation of cytotoxic T cells.41 CD28 and 4-1BB, 
which are among the best-studied costimulatory domains, 
result in a different expansion and persistence of CAR T 
cells. CD28 CAR T cells lead to a rapid but limited T-cell 
expansion, whereas 4-1BB CAR T cells display a delayed 
but greater T-cell expansion, prolonged persistence of 
CAR T cells, and consequently prolonged B-cell aplasia.42

The clinical activity of CD19-directed CAR T cells in 
R/R B-cell ALL initially achieved MRD-negative CR.42,43 
Subsequently, a phase 1/2A study of CD19-directed CAR 
T cells attached to the 4-1BB signaling domain (CTL019) 
assessed their activity in 30 patients with R/R ALL who 
were 5 to 60 years of age. A CR was achieved in 27 patients 
(90%), including 22 patients (73%) who demonstrated 
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MRD negativity. After a median follow-up of 7 months 
(range, 1-24 months), the 6-month EFS rate was 67% and 
the OS rate was 78%. Of interest, all patients experienced 
CRS, which was mild to moderate in 22 patients (73%) 
and severe in 8 patients (27%). Severe CRS was associated 
with a higher baseline disease burden (P=.002) and higher 
peak levels of inflammatory cytokines. CRS was success-
fully managed with glucocorticoids and tocilizumab 
(Actemra, Genentech), a monoclonal antibody targeting 
the interleukin 6 receptor. Neurologic toxicities occurred 
in 13 patients (43%) and were not prevented by the use of 
tocilizumab.44 The promising efficacy of CD19-directed 
CAR T cells attached to the 4-1BB costimulatory domain 
led to a phase 2 clinical trial of tisagenlecleucel (Kymriah, 
Novartis) in pediatric and young adult patients with R/R 
B-cell ALL (median age, 11 years; range, 3-23). This mul-
ticenter trial enrolled 92 patients, of whom 75 received the 
infusion and were evaluated for efficacy. The group had 
received a median of 3 prior therapies, including alloSCT 
in 46 patients (61%). Of note, at the time of infusion 
at least 15 patients were in MRD-negative CR owing to 
interim chemotherapy.45 Of the 61 patients (81%) who 
responded, 45 (60%) achieved CR and 16 (21%) achieved 
CRi. All patients with a CR achieved MRD negativity. 
With the inclusion of all patients screened, the ORR 
was 66%. At a median follow-up of 13.1 months, the 
6-month EFS rate was 73% and the 12-month EFS rate 
was 50%. The median OS was 19.1 months. The median 
time to maximum CAR T-cell expansion detected by 
qualitative polymerase chain reaction was 10 days (range, 
5.7-28 days), and owing to the 4-1BB costimulatory 
domain, the median duration of persistence was 168 days 
(range, 20-617 days). All responding patients experienced 

B-cell aplasia, and median time to B-cell recovery was not 
reached. CRS occurred in 58 patients (77%) at a median 
of 3 days (range, 1-22 days) after the infusion and con-
tinued for an average of 8 days (range, 1-36 days). CRS 
was severe in 35 patients (47%), and 28 patients (37%) 
received tocilizumab. Neurologic toxicities occurred in 30 
patients (40%). Grade 3 neurologic toxicity developed in 
10 patients (13%) and was more frequent in those with 
grade 4 CRS (32% vs 7%). The high response rates with 
attainment of MRD negativity in patients with multiply 
R/R ALL led to the FDA approval of tisagenlecleucel in 
August 2017.46

Treatment with CD19-targeted CAR T cells and a 
CD28 costimulatory domain was evaluated in a phase 1 
trial of 53 adult patients with R/R B-cell ALL (median 
age, 44 years).47 A total of 36 patients (68%) were in sal-
vage 3 or later, 19 patients (36%) had prior alloSCT, and 
16 patients (30%) had Ph-positive R/R ALL. Of the 83 
patients enrolled, 53 patients received CAR T cells and 
were evaluated for efficacy. At the time of T-cell infusion, 
approximately half of the patients had at least 5% bone 
marrow blasts, and 6 patients (11%) had MRD-negative 
disease. The CR rate was 83% (n=44), and 67% (n=32) 
achieved MRD negativity. For the entire cohort, the ORR 
was 53%. At a median follow-up of 29 months (range, 
1-65 months), median EFS was 6.1 months and median 
OS 12.9 months. Survival was longer in the patients 
achieving an MRD-negative CR than in those who did 
not achieve MRD negativity or a CR. A total of 17 
patients successfully proceeded to alloSCT.47 Survival was 
significantly improved in the patients with a low burden 
of disease (<5% bone marrow blasts) at the time of T-cell 
infusion. Median EFS was 10.6 months in the patients 

Table 3.  CAR T-Cell Clinical Trial Results 

Costimulatory 
Domain 4-1BB (Maude 2014)44 4-1BB (Maude 2018)45 CD28 (Park 2018)47 CD28 (ZUMA)48

No. of patientsa 30 75 53 16

Treatment setting R/R pediatric and adult 
ALL

R/R pediatric and adult 
ALL R/R adult ALL R/R adult ALL

CR rate 90% 60% 83% 82%

Estimated EFS

  6 mo
  12 mo

67% 
NR

73% 
50% Median 6.1 mo N/A

Estimated OS

  6 mo
  12 mo

78% 
NR

90% 
76% Median 12.9 mo N/A

a Patients who received infusion. 

ALL, acute lymphocytic leukemia; CAR, chimeric antigen receptor; CR, complete remission; EFS, event-free survival; mo, months; N/A, not 
available ; OS, overall survival; R/R, relapsed or refractory; NR, not reported.
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with a low burden of disease and 5.3 months in those with 
a high burden of disease (P=.01); median OS was 20.1 
months in patients with a low burden of disease and 12.4 
months in those with a high burden of disease (P=.02).47 
With the CD28z costimulatory domain, the median 
duration of CAR T-cell detection was 14 days (range, 
7-138 days). CRS developed in 45 patients (85%), and 
was severe in 14 patients (26%). As in previous reports, 
a higher disease burden was associated with a higher risk 
for severe CRS (P=.004) and neurotoxicity (P=.002), 
and with shorter survival. This finding emphasizes the 
importance of a low disease burden at the time of CAR 
T-cell infusion for reduced toxicity and optimal response. 
Owing to the shortened activity of the CD28z costimu-
latory domain, this product may be best indicated as a 
bridge to transplant, if applicable. 

Another CD19-directed CAR T-cell product manu-
factured with the CD28 costimulatory domain, axicabta-
gene ciloleucel (Yescarta, Kite Pharma), gained FDA 
approval for the treatment of R/R large B-cell lymphoma 
and is also being evaluated for the treatment of R/R 
B-cell ALL in the phase 1 ZUMA-3 clinical trial (A Study 
Evaluating KTE-X19 in Adult Subjects With Relapsed/
Refractory B-precursor Acute Lymphoblastic Leuke-
mia). Of the 16 patients who have received axicabtagene 
ciloleucel, 50% had at least 2 prior therapies and 19% 
had prior alloSCT. Severe CRS was reported in 25% of 
patients and severe neurologic events in 63%, requiring 
94% of the patients to receive tocilizumab with or with-
out corticosteroids. Of the 11 patients eligible for efficacy 
analysis, 9 achieved an objective response and all achieved 
MRD negativity. ZUMA-3 is ongoing, and axicabtagene 
ciloleucel may serve as an additional CAR T-cell product 
for the treatment of R/R ALL in the future.48 

In addition to CAR T cells targeting CD19, CAR T 
cells targeting CD22 and novel CAR T-cell constructs, 
including bispecific CAR T cells targeting both CD19 
and CD22 and “off-the-shelf ” allogeneic CAR T cells, 
are currently being investigated. A phase 1 clinical trial 
evaluating a CD22-directed CAR T cell in 21 patients 
with R/R B-cell ALL, with a median age of 19 years 
(range, 7-30), reported a CR rate of 57% (n=12); 
MRD negativity was achieved in 9 patients (75%).49 
All patients had relapsed after prior alloSCT; 15 (71%) 
patients had previously been treated with CD19-
directed CAR therapy. Grade 1 or 2 CRS developed in 
16 patients (76%); no grade 3 CRS was reported. Loss 
of CD19 expression is a common mode of resistance to 
CD19-targeted CAR T cells, which was also observed 
with the CD22-targeted CAR.49 Documented clinical 
activity with the CD22-targeted CAR has fostered the 
development of bispecific CAR products that simultane-
ously target CD19 and CD22 in an effort to prevent 

resistance and improve remission duration. A number of 
phase 1 clinical trials are currently ongoing to establish 
the safety and activity of CD19/CD22 bispecific CAR 
T cells (Table 4). The ongoing CALM (Dose Escalation 
Study of UCART19 in Adult Patients With Relapsed / 
Refractory B-cell Acute Lymphoblastic Leukemia) and 
PALL (Study of UCART19 in Pediatric Patients With 
Relapsed/Refractory B Acute Lymphoblastic Leukemia) 
studies are currently evaluating the safety and activity of 
the allogeneic CD19 CAR T UCART19 in adult and 
pediatric patients with R/R ALL. A total of 20 patients 
have received at least 1 UCART19 infusion; 16 patients 
were evaluated for an antileukemic response, of whom 
14 (88%) achieved CR or CRi, and 12 of the 14 (86%) 
achieved MRD negativity. Of the 18 patients assessed for 
safety, CRS developed in 17 patients (94%) (grade 1-2, 
n=14; grade >3, n=3).50 Allogeneic CAR T cells allow 
patients to bypass the barriers to autologous CAR-T 
products, including lymphocyte expansion and pro-
longed production time, and receive this novel therapy.

Conclusion and Future Directions

The development of antibody-targeted therapies and 
CAR T cells in R/R ALL has made possible an approach 
to treatment that is more effective and patient-centered 
than the historical standard chemotherapies. These new 
advances have significantly improved outcomes in the 
salvage setting and provided better treatment options. The 
future of ALL treatment appears to be the use of lower-
intensity chemotherapy in combination with antibody-
targeted therapies in the frontline setting to induce higher 
cure rates while minimizing toxicities. This strategy will 
also allow more patients to proceed to alloSCT. Further-
more, with the recent understanding of MRD status as an 
independent prognostic factor, attaining MRD negativity 
with the use of these agents early in treatment is necessary 
to improve outcomes and bridge to alloSCT. Currently, 
several trials are investigating optimal combinations of 
antibody-targeted therapies in R/R ALL: novel antibody-
drug conjugates such as ADCT-402, readily available 
“off-the-shelf ” CAR T cells, and the BCL-2 inhibitor 
venetoclax (Table 4).39,51-53 As we continue to unravel 
and understand the pathology of this disease, it will be 
important to elucidate the most effective combinations 
and sequences of current and future targeted therapies. 
Limitations of the current therapies include the short 
half-life of blinatumomab, VOD with inotuzumab, and 
CRS with CAR T cells; therefore, further refinement of 
these agents is warranted. 

Disclosures
The authors have no disclosures to report. 



174    Clinical Advances in Hematology & Oncology  Volume 17, Issue 3  March 2019

PA U L  E T  A L

References

1. Jabbour E, Pui CH, Kantarjian H. Progress and innovations in the management 
of adult acute lymphoblastic leukemia. JAMA Oncol. 2018;4(10):1413-1420.
2. Kantarjian HM, Thomas D, Ravandi F, et al. Defining the course and prognosis 
of adults with acute lymphocytic leukemia in first salvage after induction failure or 
short first remission duration. Cancer. 2010;116(24):5568-5574.
3. Gökbuget N, Dombret H, Ribera JM, et al. International reference analysis of 
outcomes in adults with B-precursor Ph-negative relapsed/refractory acute lym-
phoblastic leukemia. Haematologica. 2016;101(12):1524-1533.
4. Jabbour E, O’Brien S, Ravandi F, Kantarjian H. Monoclonal antibodies in acute 
lymphoblastic leukemia. Blood. 2015;125(26):4010-4016.
5. Blincyto [package insert]. Thousand Oaks, CA: Amgen; 2014.
6. Goebeler ME, Knop S, Viardot A, et al. Bispecific T-cell engager (BiTE) anti-
body construct blinatumomab for the treatment of patients with relapsed/refrac-
tory non-Hodgkin lymphoma: final results from a phase IsStudy. J Clin Oncol. 
2016;34(10):1104-1111.
7. Topp MS, Gökbuget N, Stein AS, et al. Safety and activity of blinatu-
momab for adult patients with relapsed or refractory B-precursor acute lym-
phoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 
2015;16(1):57-66.
8. Kantarjian HM, Stein AS, Bargou RC, et al. Blinatumomab treatment of older 
adults with relapsed/refractory B-precursor acute lymphoblastic leukemia: results 
from 2 phase 2 studies. Cancer. 2016;122(14):2178-2185.
9. Kantarjian H, Stein A, Gökbuget N, et al. Blinatumomab versus chemotherapy 

for advanced acute lymphoblastic leukemia. N Engl J Med. 2017;376(9):836-847.
10. Dombret H, Topp M, Schuh A, et al. Blinatumomab vs SOC chemotherapy in 
first salvage compared with second or greater salvage in a phase 3 study. Presented 
at: 22nd Congress of the European Hematology Association; June 22-25, 2017; 
Madrid, Spain. Abstract S478.
11. Pui CH, Yang JJ, Hunger SP, et al. Childhood acute lymphoblastic leukemia: 
progress through collaboration. J Clin Oncol. 2015;33(27):2938-2948.
12. Ribera JM, Oriol A, Morgades M, et al. Treatment of high-risk Philadelphia 
chromosome-negative acute lymphoblastic leukemia in adolescents and adults 
according to early cytologic response and minimal residual disease after consolida-
tion assessed by flow cytometry: final results of the PETHEMA ALL-AR-03 trial. 
J Clin Oncol. 2014;32(15):1595-1604.
13. Dhédin N, Huynh A, Maury S, et al; GRAALL group. Role of allogeneic 
stem cell transplantation in adult patients with Ph-negative acute lymphoblastic 
leukemia. Blood. 2015;125(16):2486-2496.
14. Berry DA, Zhou S, Higley H, et al. Association of minimal residual disease 
with clinical outcome in pediatric and adult acute lymphoblastic leukemia: a meta-
analysis. JAMA Oncol. 2017;3(7):e170580.
15. Topp MS, Kufer P, Gökbuget N, et al. Targeted therapy with the T-cell-
engaging antibody blinatumomab of chemotherapy-refractory 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):2493-2498.
16. Topp MS, Gökbuget N, Zugmaier G, et al. Long-term follow-up of hema-
tologic relapse-free survival in a phase 2 study of blinatumomab in patients with 
MRD in B-lineage ALL. Blood. 2012;120(26):5185-5187.

Table 4. Ongoing Clinical Trials Investigating Novel Treatments in Relapsed/Refractory ALL

Clinical Trial
Drug 
Target Phase Patient Population

Venetoclax

Venetoclax and liposomal vincristine
(NCT03504644) – 1/2 R/R B-cell or T-cell ALL

Ages >18 y

Venetoclax, navitoclax, and chemotherapy
(NCT03181126) – 1 R/R B-cell or T-cell ALL

Ages >4 y

Monoclonal antibodies

Daratumumab and chemotherapy
(NCT03384654) CD38 2 R/R B-cell or T-cell ALL

Ages 1-30 y

ADCT-402 (NCT02669264) CD19 1 R/R CD19+ B-cell ALL
Ages >12 y

ADCT-602 (NCT03698552) CD22 1/2 R/R CD22+ B-cell ALL
Ages >18 y

CAR T-cell therapy

NCT02315612 CD22 1 R/R CD22+ B-cell leukemia or lymphoma
Ages 1-30 y

CALM (NCT02746952) CD19a 1 R/R CD19+ B-cell ALL
Ages 16-69 y

PALL (NCT02808442) CD19a 1 R/R CD19+ B-cell ALL
Ages 6 mo-17 y

PLAT-05 (NCT03330691) CD19/
CD22 1 R/R CD19+ CD22+ B-cell leukemia or lymphoma

Ages 1-26 y

NCT03233854 CD19/
CD22 1 R/R CD19+ B-cell ALL or DLBCL

Ages >18 y

a Allogeneic CAR-T cells

ALL, acute lymphocytic leukemia; CAR, chimeric antigen receptor; DLBCL, diffuse large B-cell lymphoma; mo, months; R/R, relapsed/refractory; 
y, year



Clinical Advances in Hematology & Oncology  Volume 17, Issue 3  March 2019    175

T R E A T M E N T  O F  R E L A P S E D / R E F R A C T O R Y  A C U T E  LY M P H O B L A S T I C  L E U K E M I A

17. Gökbuget N, Dombret H, Bonifacio M, et al. Blinatumomab for minimal 
residual disease in adults with B-cell precursor acute lymphoblastic leukemia. 
Blood. 2018;131(14):1522-1531.
18. Gökbuget N, Stein A, Zugmaier G, et al. Long-term survival of adults with 
B-cell precursor acute lymphoblastic leukemia (BCP-ALL) after treatment with 
blinatumomab and subsequently allogeneic hematopoietic stem cell transplanta-
tion. Poster presented at: European Hematology Association; June 14-17, 2018; 
Stockholm, Sweden. Abstract PF179.
19. Besponsa [package insert]. Philadelphia, PA: Pfizer; 2017.
20. Kantarjian H, Thomas D, Jorgensen J, et al. Inotuzumab ozogamicin, an 
anti-CD22-calecheamicin conjugate, for refractory and relapsed acute lympho-
cytic leukaemia: a phase 2 study. Lancet Oncol. 2012;13(4):403-411.
21. Kantarjian H, Thomas D, Jorgensen J, et al. Results of inotuzumab ozogami-
cin, a CD22 monoclonal antibody, in refractory and relapsed acute lymphocytic 
leukemia. Cancer. 2013;119(15):2728-2736.
22. DeAngelo DJ, Stock W, Stein AS, et al. Inotuzumab ozogamicin in adults with 
relapsed or refractory CD22-positive acute lymphoblastic leukemia: a phase 1/2 
study. Blood Adv. 2017;1(15):1167-1180.
23. Kantarjian HM, DeAngelo DJ, Stelljes M, et al. Inotuzumab ozogami-
cin versus standard therapy for acute lymphoblastic leukemia. N Engl J Med. 
2016;375(8):740-753.
24. Jabbour EJ, DeAngelo DJ, Stelljes M, et al. Efficacy and safety analysis by age 
cohort of inotuzumab ozogamicin in patients with relapsed or refractory acute 
lymphoblastic leukemia enrolled in INO-VATE. Cancer. 2018;124(8):1722-1732.
25. Jabbour E, Ravandi F, Kebriaei P, et al. Salvage chemoimmunotherapy with 
inotuzumab ozogamicin combined with mini-hyper-CVD for patients with 
relapsed or refractory Philadelphia chromosome-negative acute lymphoblastic 
leukemia: a phase 2 clinical trial. JAMA Oncol. 2018;4(2):230-234.
26. Kantarjian H, Ravandi F, Short NJ, et al. Inotuzumab ozogamicin in com-
bination with low-intensity chemotherapy for older patients with Philadelphia 
chromosome-negative acute lymphoblastic leukaemia: a single-arm, phase 2 study. 
Lancet Oncol. 2018;19(2):240-248.
27. Jabbour E, Sasaki K, Ravandi F, et al. Chemoimmunotherapy with inotuzumab 
ozogamicin combined with mini-hyper-CVD, with or without blinatumomab, is 
highly effective in patients with Philadelphia chromosome-negative acute lympho-
blastic leukemia in first salvage. Cancer. 2018;124(20):4044-4055.
28. Martinelli G, Boissel N, Chevallier P, et al. Complete hematologic and molecu-
lar response in adult patients with relapsed/refractory Philadelphia chromosome-
positive B-precursor acute lymphoblastic leukemia following treatment with 
blinatumomab: results from a phase II, single-arm, multicenter study. J Clin Oncol. 
2017;35(16):1795-1802.
29. Assi R, Kantarjian H, Short NJ, et al. Safety and efficacy of blinatumomab 
in combination with a tyrosine kinase inhibitor for the treatment of relapsed 
Philadelphia chromosome-positive leukemia. Clin Lymphoma Myeloma Leuk. 
2017;17(12):897-901.
30. Martinelli G, Stock W, Stelljes M, et al. Outcomes with inotuzumab ozo-
gamicin (InO) in patients with Philadelphia chromosome-positive (Ph+) relapsed/
refractory (R/R) acute lymphoblastic leukemia (ALL). Poster presented at: Euro-
pean Hematology Association; June 14-17, 2018; Stockholm, Sweden. Abstract 
PF182.
31. Jain N, Cortes JE, Ravandi R, et al. Inotuzumab ozogamicin in combination 
with bosutinib for patients with relapsed or refractory Ph+ ALL or CML in lym-
phoid blast phase [ASH abstract 143]. Blood. 2017;130(1)(suppl).
32. Arranon [package insert]. Research Triangle Park, NC: GlaxoSmithKline; 
2011. 
33. Kurtzberg J, Ernst TJ, Keating MJ, et al. Phase I study of 506U78 administered 
on a consecutive 5-day schedule in children and adults with refractory hematologic 
malignancies. J Clin Oncol. 2005;23(15):3396-3403.
34. DeAngelo DJ, Yu D, Johnson JL, et al. Nelarabine induces complete remis-
sions in adults with relapsed or refractory T-lineage acute lymphoblastic leukemia 

or lymphoblastic lymphoma: Cancer and Leukemia Group B study 19801. Blood. 
2007;109(12):5136-5142.
35. Jain N, Lamb AV, O’Brien S, et al. Early T-cell precursor acute lymphoblastic 
leukemia/lymphoma (ETP-ALL/LBL) in adolescents and adults: a high-risk sub-
type. Blood. 2016;127(15):1863-1869.
36. Peirs S, Frismantas V, Matthijssens F, et al. Targeting BET proteins improves 
the therapeutic efficacy of BCL-2 inhibition in T-cell acute lymphoblastic leuke-
mia. Leukemia. 2017;31(10):2037-2047.
37. Chonghaile TN, Roderick JE, Glenfield C, et al. Maturation stage of T-cell 
acute lymphoblastic leukemia determines BCL-2 versus BCL-XL dependence and 
sensitivity to ABT-199. Cancer Discov. 2014;4(9):1074-1087.
38. Anderson NM, Harrold I, Mansour MR, et al. BCL2-specific inhibitor ABT-
199 synergizes strongly with cytarabine against the early immature LOUCY cell 
line but not more-differentiated T-ALL cell lines. Leukemia. 2014;28(5):1145-
1148.
39. Peirs S, Matthijssens F, Goossens S, et al. ABT-199 mediated inhibition of 
BCL-2 as a novel therapeutic strategy in T-cell acute lymphoblastic leukemia. 
Blood. 2014;124(25):3738-3747.
40. Lonetti A, Cappellini A, Bertaina A, et al. Improving nelarabine efficacy in T 
cell acute lymphoblastic leukemia by targeting aberrant PI3K/AKT/mTOR signal-
ing pathway. J Hematol Oncol. 2016;9(1):114.
41. Maude SL, Teachey DT, Porter DL, Grupp SA. CD19-targeted chime-
ric antigen receptor T-cell therapy for acute lymphoblastic leukemia. Blood. 
2015;125(26):4017-4023.
42. 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):177ra38.
43. Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen receptor-modified T 
cells for acute lymphoid leukemia. N Engl J Med. 2013;368(16):1509-1518.
44. 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):1507-1517.
45. Maude SL, Teachey DT, Rheingold SR, et al. Sustained remissions with 
CD19-specific chimeric antigen receptor (CAR)-modified T cells in children with 
relapsed/refractory ALL [ASCO abstract 3011]. J Clin Oncol. 2016;34(15)(suppl).
46. Kymriah [package insert]. East Hanover, NJ: Novartis; 2017.
47. Park JH, Rivière I, Gonen M, et al. Long-term follow-up of CD19 CAR 
therapy in acute lymphoblastic leukemia. N Engl J Med. 2018;378(5):449-459.
48. Wierda WG, Bishop MR, Oluwole OO, et al. Updated phase 1 results of 
ZUMA-3: KTE-C19, an anti-CD19 chimeric antigen receptor (CAR) T cell 
therapy, in adult patients with relapsed/refractory acute lymphoblastic leukemia 
(R/R ALL) [ASH abstract 897]. Blood. 2018;132(1)(suppl).
49. Fry TJ, Shah NN, Orentas RJ, et al. CD22-targeted CAR T cells induce remis-
sion in B-ALL that is naive or resistant to CD19-targeted CAR immunotherapy. 
Nat Med. 2018;24(1):20-28.
50. Benjamin R, Graham G, Yallop D, et al. Preliminary data on safety, cellular 
kinetics and anti-leukemic activity of UCART19, an allogeneic anti-CD19 CAR 
T-cell product, in a pool of adult and pediatric patients with high-risk CD19+ 
relapsed/refractory B-cell acute lymphoblastic leukemia [ASH abstract 896]. 
Blood. 2018;132(1)(suppl).
51. Graham C, Yallop D, Jozwik A, et al. Preliminary results of UCART19, an 
allogeneic anti-CD19 CAR T-cell product, in a first-in-human trial (CALM) in 
adult patients with CD19+ relapsed/refractory B-cell acute lymphoblastic leuke-
mia [ASH abstract 887]. Blood. 2017;130(1)(suppl).
52. Khaw SL, Suryani S, Evans K, et al. Venetoclax responses of pediatric ALL xeno-
grafts reveal sensitivity of MLL-rearranged leukemia. Blood. 2016;128(10):1382-
1395.
53. Jain N, Klisovic RB, Stock W, et al. Interim data from a phase 1 study evaluat-
ing pyrrolobenzodiazepine-based antibody drug conjugate ADCT-402 (loncastux-
imab tesirine) targeting CD19 for relapsed or refractory B-cell acute lymphoblastic 
leukemia [ASH abstract 1321]. Blood. 2017;130(1)(suppl).


