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Recent approval of several novel agents has dramatically improved outcomes for patients with relapsed
and refractory (R/R) B-cell acute lymphoblastic leukemia. Blinatumomab, a bi-specific T-cell engager tar-
geted to CD3 and CD19, inotuzumab ozogamicin (InO), an antibody-drug conjugate to CD22, and tisagen-
lecleucel, a CD19 chimeric antigen receptor T-cell with a 4-1BB costimulatory domain, have all demon-
strated impressive response rates in R/R B-ALL as compared to historic controls. However, important con-
siderations when choosing among these novel agents include clinical features that may impact efficacy,
such as relative disease burden, antigen expression, and T-cell function, as well as patient and disease
characteristics that may contribute to risk of toxicity. In addition, suitability of the patient for hematopoi-
etic stem cell transplant (HSCT) as well as patient preference must also be considered. This review will
focus on factors to weigh when choosing an agent in the setting of R/R disease and important challenges

moving forward.

© 2020 Elsevier Inc. All rights reserved.

Introduction

Historically, survival for adult patients with relapsed and
refractory (R/R) acute lymphoblastic leukemia (ALL) has been
dismal, with 5-year overall survival (OS) rates of 7% to 8% [1'2].
However, over the past decade, there has been an impressive array
of novel agents, which have dramatically changed the treatment
approaches and outcomes for patients with R/R B-cell ALL (B-ALL).
The 3 currently the United States Food and Drug Administration
(FDA)-approved agents, blinatumomab, inotuzumab o0zogamicin
(InO) and the CD19 chimeric antigen receptor (CAR) T cell, ti-
sagenlecleucel, were all approved within the span of 3 years
and all have demonstrated improved response rates and survival
as compared to historic controls. Thus, with several excellent
treatment options available, choosing which agent to use and how
to sequence these treatments can be a challenge. In this review,
we discuss some of the important considerations in choosing a
regimen, as well as remaining challenges.
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Novel Agents
Blinatumomab

Blinatumomab is a bi-specific T-cell engager (BiTE) targeted
to CD19 and CD3, which promotes immune mediated elimina-
tion of B-cell lymphoblasts by cytotoxic T cells [3,4]. Due to the
short half-life, it is administered as a continuous infusion, typi-
cally over 4 weeks with a 2 week rest period between cycles. Bli-
natumomab was initially FDA-approved in 2014 for treatment of
adults with Philadelphia chromosome (Ph)-negative relapsed or re-
fractory B-ALL, with expansion to include Ph+ and pediatric ALL
in 2017. Recently, blinatumomab received additional approval for
MRD-positive disease.

These approvals were based in part on a multicenter phase 2
trial of blinatumomab in 189 patients with Ph-negative primary
refractory or relapsed (R/R) ALL, in which 43% achieved a com-
plete response (CR) or CR with partial hematologic recovery (CRh)
after 2 cycles of treatment. Impressively, 82% of responding pa-
tients also achieved MRD-negativity, defined as less than 10~4
detectable blasts [5]. A larger follow-up multi-center randomized
phase 3 trial (TOWER) demonstrated similar response rates, with
43.9% of patients achieving CR/CRh or CR with incomplete hemal-
tologic recovery (CRi) within the first 2 cycles of treatment, and
76% of responders also with MRD-negativity [6]. Importantly, this
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trial also demonstrated a significantly longer overall survival (OS)
with blinatumomab treatment compared to standard of care (7.7 vs
4.0 months, P=.01) and longer median duration of remission (7.3
months vs 4.6 months). Similar response rates were seen in Ph+
and pediatric ALL, with CR/CRh rates of 36% and 39%, respectively
[7,8].

Inotuzumab ozogamicin

CD22 is highly expressed in most cases of B-ALL, making it
an excellent target for immunotherapeutic agents [9]. Inotuzumab
ozogamicin (InO) is a potent antibody-drug conjugate (ADC), con-
sisting of a CD22-targeted humanized antibody covalently linked
to calicheamicin. Upon binding to surface CD22 on target cells, InO
is rapidly internalized and induces DNA damage, leading to tumor
cell apoptosis. InO is administered in a fractionated weekly sched-
ule, based on initial phase 1/2 trials demonstrating similar efficacy
with decreased toxicity compared to a single dose every 4 weeks
[10], and was approved in August 2017 by the FDA for the treat-
ment of adults with first or greater relapse of B-ALL.

The pivotal INO-VATE phase 3 trial for adults with R/R B-ALL
randomized patients to InO vs best available intensive chemother-
apy (high-dose cytarabine based regimen) [11]. The CR/CRi rate
was significantly higher in the InO arm than in the standard ther-
apy arm (73.8% vs 30.9%, P < .0001) and, among the patients with
CR/CRi, a higher percentage in the InO arm became MRD-negative
(78.4% vs 28.1%, P < .001). Response rates with InO were sim-
ilar regardless of duration of prior remission, presence of prior
hematopoietic stem cell transplantation (HSCT), salvage attempt,
and CD22 expression level (<90% or >90% of blasts) [12]. For pa-
tients achieving CR/CRi, duration of remission was longer in the
InO arm compared to the chemotherapy arm (median, 5.4 months
vs 4.2 months P=.0071) and patients were more likely to proceed
directly to HSCT after achieving CR/CRi (39.6% vs 10.5%; 1-sided P
< .0001). At long-term follow-up, 2-year OS was increased in the
InO arm (22.8% vs 10%, P=.01) [13].

Although development of InO in pediatrics has lagged signif-
icantly, with the first prospective early phase studies only re-
ported in abstract form in late 2019, response rates thus far ap-
pear to be similar to those seen in adult trials, with retrospective
and prospective trials demonstrating response rates of 67% to 80%
and MRD-negativity rates of 71% to 79% [14,15]. A phase 2 trial
(NCT02981628) by the Children’s Oncology Group (COG) of 48 pa-
tients with multiply refractory R/R B-ALL found a 58.3% CR/CRi rate
after cycle 1, with 65.4% of responding patients with MRD <0.01%.

Chimeric antigen receptor (CAR) T cells

CAR T-cells are modified T cells, typically autologous, that have
been transduced with a viral vector to express a CAR construct,
consisting of an extracellular antigen binding domain fused to an
intracellular signaling domain. Binding of the extracellular domain
to the target antigen, which is most commonly CD19, leads to T-
cell activation [16]. Numerous CAR T-cell products are currently
under investigation for both hematologic and solid malignancies
and vary in viral vectors, target antigen, and intracellular costimu-
latory domain (most commonly CD28 or 4-1BB) and, at the time of
this writing, 3 CAR T-cell products are currently FDA-approved. The
only CAR T-cell product that is currently approved for ALL, tisagen-
lecleucel (CTLO19, Kymriah, Novartis Inc.), is a CD19-targeting CAR
containing the 4-1BB costimulatory domain [17] and was granted
FDA approval in August 2017 for R/R B-ALL in children and young
adults up to age 25 years.

In the initial phase 1/2a single institution trial of tisangenle-
cleucel a CR rate of 93% was observed in 60 pediatric patients with
multiply R/R B-ALL, with relapse-free survival (RFS) of 60% and OS

of 79% at 12 months [18,19]. A subsequent phase 2 single-arm,
multicenter, global registration trial (ELIANA) enrolled 92 heav-
ily pretreated patients [20]. Seventeen patients were not infused
due to CAR T-cell production failure (N=7) and toxicity or death
(N=10). However, among the 75 treated patients, there were high
rates of MRD-negative CR (81%) as well as 12-month RFS (59%) and
0S (76%) [21].

Although tisagenlecleucel is the only CAR T product currently
FDA-approved for use in B-ALL, several others CD19-directed CAR
T products have been studied. Despite variations in the condition-
ing regimens, patient population, and specific CAR constructs, over-
all remission rates have remained very good in all of the reported
trials, with CR rates ranging from 67% to 93% [18,21-25]. For in-
stance, in a phase 1 trial in 45 children and young adults with
R/R B-ALL using a CAR construct similar to tisangenlecleucel, 93%
of treated patients achieved an MRD-negative CR, with 89% MRD-
negative CR in the intent-to-treat population [22]. Efficacy appears
to be relatively similar among adults with R/R B-ALL treated with
CAR T-cells. In the largest trial of CAR T-cell therapy in adults, 45
out of 53 (85%) patients with R/R B-ALL achieved MRD-negative
CR [24]. Unfortunately, 22 (49%) of the 45 patients who achieved
MRD-negative CR relapsed, at a median of 3.5 months (range, 1.1-
17.0 months) after CAR T-cell infusion. At a median follow-up of 29
months, the median event-free survival was only 6.1 months, with
a median overall survival of 12.9 months.

Considerations in choosing a novel agent

With all 3 novel agents demonstrating impressive response
rates, determining the best choice of therapy for patients with R/R
B-ALL has become challenging. Outside of a clinical trial, a major
consideration is the current FDA-approval for these agents. As of
the time of this writing, blinatumomab has the widest approval,
with indications for both pediatric and adult patients with relapsed
and MRD-positive B-ALL. However, InO is only approved in adult
patients with R/R B-ALL, and tisagenlecleucel is only approved for
patients up to age 25 years of age with refractory B-ALL or in sec-
ond or later relapse. Beyond current FDA-approval, there are nu-
merous other considerations, such as efficacy and toxicity, as well
as disease- and patient-specific characteristics, which are outlined
in Table 1 and described in detail below.

Efficacy

Although efficacy may, at first glance, seem to be the most im-
portant consideration in choosing treatment, all 3 of these novel
agents have impressive response rates in R/R ALL, with significant
improvement in outcome as compared to standard of care. Based
on published trials to date, rates of CR/CRi appear to be higher
with InO (58%-80%) and CAR T-cells (81%-93%), compared to bli-
natumomab (36%-44%). However, because of differences in the pa-
tient populations and eligibility criteria for these trials, the results
cannot be directly compared head to head. For instance, in the
large phase 3 trial of InO (INO-VATE), patients in 3rd or later sal-
vage were excluded [11]. This is in contrast to the phase 3 trial of
blinatumomab (TOWER), where nearly one-fourth of patients were
in 3rd or later salvage [6]. The blinatumomab phase 3 trial also in-
cluded fewer patients with late relapse (0% vs 43%) and more pa-
tients with prior stem cell transplant (35% vs 16%), suggesting that
the patients included in the trials of blinatumomab may have been
higher risk and may account for some of the differences in re-
sponse rates. This is further supported by recently published “real
world” data from a multicenter retrospective analysis, which found
similar rates of CR/CRi with InO and blinatumomab (63% and 65%,
respectively) in adult patients with R/R B-ALL [26,27]. Thus, choice
of initial treatment for R/R ALL cannot be based on efficacy alone,
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Table 1
Comparison of novel agents for treatment of R/R B-ALL.

Blinatumomab InO CART

FDA approval R/R or MRD+ R/R B-ALL R/R B-ALL
B-ALL Age: 18+ years Age: <25 years
Age: any

Efficacy CR: 36-44% CR: 58-80% CR: 81-93%
Median OS: Median OS: Median OS:
6.1-9.8 mo 5.1-7.7 mo 12.9 mo
MRD-neg: 76% MRD-neg: 78% MRD-neg: 81%

Disease burden low low or high ? low

Toxicity ICANS, CRS SOS ICANS, CRS
Risk: disease Risk: HSCT Risk: disease
burden burden

Prior/current T-cell Not T-cell T-cell

therapy dependent dependent dependent
?loss of CD19 Lack/loss of Loss of

(D22 CD19/CD22

CNS efficacy No No Yes

Extramedullary ?no ? ?yes

disease

Convenience Continuous IV Short IV Delays in start
infusion x 4 infusion weekly due to
weeks X 3 weeks manufacturing

CAR, chimeric antigen receptor; CR, complete response; CRS, cytokine release syn-
drome; HSCT, hematopoietic stem cell transplant; ICANS, immune effector cell-
associated neurotoxicity syndrome; InO, inotuzumab; IV, intravenous; MRD, mini-
mal residual disease; OS, overall survival; R/R, relapsed, refractory; SOS, sinusoidal
obstruction syndrome.

as there is not sufficient evidence that efficacy of any one agent is
clearly superior to another.

Toxicity

Although generally well-tolerated, the differing toxicities of
each agent should be carefully considered. Blinatumomab and
CAR T-cell therapy have similar toxicity profiles, mainly consisting
of cytokine release syndrome (CRS) and neurologic toxicity. CRS,
which results from elevation in inflammatory cytokines, is rela-
tively common with CAR T-cell therapies and perhaps slightly less
with blinatumomab. Among patients treated with tisagenlecleucel,
77% experienced some degree of CRS, including 25% with grade 4
CRS [21]. Despite high rates of CRS in the initial dose-finding tri-
als of blinatumomab [28], with current treatment protocols using
dose ramp-up and dexamethasone premedication, rates of CRS are
significantly lower, with only 4.9% of patients experiencing any de-
gree of CRS in the large phase 3 TOWER trial [6].

Neurologic toxicity is also observed fairly frequently with both
CAR T therapy and blinatumomab. In clinical trials of tisagenlecleu-
cel, neurotoxicity was reported in 40% to 45% of patients [21,29].
Termed immune effector cell-associated neurotoxicity syndrome
(ICANS), it clinically presents most commonly as encephalopa-
thy, as well as confusion, delirium, hallucinations, aphasia, focal
deficits, tremor, somnolence, and less commonly, seizure [29-31].
While not reported with tisagenlecleucel specifically, rare cases
of rapid-onset and lethal diffuse cerebral edema have occurred
in clinical trials of CAR T-cell therapies [32,33]. Unlike CAR T-cell
therapy, no neurotoxicity-related deaths have been observed with
blinatumomab, but neurotoxicity remains fairly common, occur-
ring in 9.4% of patients with R/R disease[6] and up to 53% of pa-
tients receiving blinatumomab for MRD-positive disease, includ-
ing 13% with grade 3-4 toxicity [34]. IL-6 receptor blockade with
tocilizumab typically results in rapid clinical improvement of CRS
following CAR T-cell therapy[35] but unfortunately does not sig-
nificantly cross the BBB, and patients who have had resolution of
CRS after tocilizumab administration can still develop neurotoxicity
[36]. Supportive care and corticosteroids are the mainstay of treat-

ment, but whether additional strategies are able to further mitigate
toxicity without affecting efficacy is still under investigation.

The most common toxicities reported with InO therapy include
myelosuppression, infections, and hepatic toxicity. One of the more
concerning toxicities, sinusoidal obstruction syndrome (SOS) was
reported in 23 of the 164 patients (14.0%) in the InO arm and in 3
of the 143 patients (2.1%) in the chemotherapy arm on the phase
3 INO-VATE trial [11]. Of note, most of the patients who devel-
oped SOS underwent HSCT either before or after treatment with
InO; the rate of SOS was low (3%) in patients who did not receive
any prior or subsequent HSCT. Similar to the adult experience, in a
retrospective multicenter pediatric study, among 21 patients who
underwent allogeneic HSCT following InO, 11 (52%) developed SOS,
including 2 fatalities [15].

Not all patients develop SOS following InO, and specific risk fac-
tors have been identified. In the INO-VATE trial, among patients
proceeding to HSCT after InO treatment, the incidence of SOS was
greater in older patients (41% vs 17%) [13]. Multivariate analy-
sis found that prior HSCT (odds ratio [OR], 6.02; P=.032), con-
ditioning regimens containing dual alkylators (OR 8.61, P=0.015),
and last available pre-HSCT bilirubin concentration greater than or
equal to the upper limit of normal (OR, 7.08; P=.011) were asso-
ciated with development of SOS. In addition, although not signifi-
cant in multivariate analysis, there was a trend toward higher SOS
rates with increasing number of cycles of InO, with SOS observed
in 42% of patients who received 4 to 6 cycles, compared to 19%
in patients who received 2 cycles. Based on this data, in patients
deemed to be appropriate candidates for InO followed by HSCT,
many institutions limit the number of total cycles of InO to 2 or
less. Whether this approach sufficiently improves the safety pro-
file in highest risk individuals is still unknown. An ongoing trial is
comparing a lower dose of InO to the FDA-approved dosing to de-
termine if this mitigates risk of SOS without compromising efficacy
(NCT03677596). Currently, there is no known effective prophylaxis
for SOS, although defibrotide and levocarnitine are under investi-
gation (NCT03564678) [37]. Thus, use of InO requires careful con-
sideration of the patient’s risk for SOS and close collaboration with
the HSCT center regarding conditioning regimen, timing to HSCT,
and vigilance for signs and symptoms of SOS with early interven-
tion. In patients deemed high risk for SOS, alternative treatments,
such as blinatumomab or CAR T-cell therapy, should be considered.

Burden of disease

One of the many interesting findings that emerged from the
initial trials of blinatumomab is that the burden of disease was
inversely associated with response to treatment. For instance, in
the phase 3 trial of blinatumomab, a lower percentage of baseline
bone marrow blasts was associated with increased CR/CRh (65%
vs 34.4% for bone marrow blasts <50% or >50%, respectively) [6].
The mechanism by which this occurs is unknown, but is thought
to perhaps be related to a decreased effector-to-target ratio. The
need for a low burden of disease for maximal blinatumomab effect
has also been supported by several trials demonstrating higher re-
sponse rates in the setting of MRD (80-88%) [34,38]. compared to
the R/R setting [6].

Based on these studies, it has been suggested that it may be
important to achieve at least some degree of cytoreduction prior
to introduction of blinatumomab. This strategy was utilized in a
Children’s Oncology Group (COG) trial AALL1331 (NCT02101853)
in which 208 patients age 1 to 30 years with first relapse of B-
ALL first received reinduction chemotherapy and then were sub-
sequently randomized to 2 cycles of blinatumomab or intensive
chemotherapy [39]. Among patients who were MRD-positive fol-
lowing reinduction chemotherapy, 79% of those treated with blina-
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tumomab achieved MRD-negativity (defined as <0.01%), compared
to 21% of patients randomized additional cytotoxic chemotherapy.
Data examining the role of disease burden in response to
CAR T-cell therapy is conflicting. In the initial phase 1/2a trial
of tisagenlecleucel in pediatric patients with multiply R/R B-ALL,
responses were observed regardless of marrow disease burden
[18,19]. However, in a single institution phase 1 trial of the 19-28z
CAR in adult patients, patients with a low disease burden prior
to treatment (<5% bone marrow blasts) had significantly longer
event-free (10.6 vs 5.3 months, P=.01) and overall survival (20.1 vs
12.4 months, P=.02), compared to those with a higher disease bur-
den [24]. Regardless, across all studies and CD19 CAR T-cell prod-
ucts, high bone marrow disease burden is associated with an in-
creased risk of severe CRS [40]. In one series, among patients with
50% or greater bone marrow blasts, there was a greater frequency
of CRS (41% vs 5%) and neurotoxicity (59% vs 14%) as compared
to patients with a lower disease burden [24]. In contrast to blina-
tumomab and CAR T, the clinical response and toxicity from InO
are not related to degree of disease burden [13,41], making InO an
attractive choice in patients with significant disease burden.

Antigen expression

Although CD19 is ubiquitously expressed in B-ALL, the degree
of antigen expression varies and may be an important predictor in
response to CAR T-cell therapy. In a phase 1 trial of 45 children
and young adults, bone marrow CD19 antigen load of >15% (tumor
plus normal B-cells) was significantly associated with duration of
B-cell aplasia (hazard ratio 2.99, 95% confidence interval 1.32-9.81;
P < .005), which is in turn correlated with remission duration. In
addition, the magnitude and peak engraftment of CAR T-cells in
the peripheral blood was positively correlated with bone marrow
CD19 antigen load in the marrow [18]. Interestingly, CD19 antigen
load does not appear to be a factor in predicting response to bli-
natumomab [42] and, thus, in patients with lower CD19 antigen
expression, blinatumomab may be preferred.

Because blinatumomab and tisagenlecleucel share a common
antigen target, selective pressure from prior treatments must also
be considered. CD19-negative relapse is not uncommon follow-
ing CAR T-cell therapy, occurring in 15 out of 22 (68%) of pedi-
atric patients who relapsed after CR with tisagenlecleucel [21], and
25% to 39% of patients who relapse following an MRD-negative
CR [22,24]. This CD19 antigen loss may preclude subsequent ther-
apy with other CD19-directed therapies, such as blinatumomab,
and thus must be carefully considered when using CD19-directed
CAR T-cell therapies as initial treatment for R/R ALL. Although
CD19-negative relapses are significantly less common with blinatu-
momab (8%-22%) [43,44], some reports have suggested that prior
blinatumomab may impair response to subsequent CD19-directed
CAR T-cell therapy and increase risk of CD19-negative relapse [45].
However, a retrospective review of 24 adult patients treated with
CD19 CAR T-cells did not find an effect of prior blinatumomab on
risk of CD19-negative relapse and, in this trial, 4 of 6 patients
who received prior blinatumomab achieved an MRD-negative CR
[18], suggesting that blinatumomab does not prevent treatment re-
sponse. Prospective studies are needed, but given the increasing
use of blinatumomab in both the frontline and relapse settings,
this may be a consideration when sequencing CAR T-cell therapy
and blinatumomab

Unlike CD19, not all leukemic blasts express CD22 and only pa-
tients with CD22-positive B-ALL were eligible for inclusion in the
INO-VATE trial [13]. Thus, InO should only be considered for pa-
tients found to have CD22-expression on leukemic blast cell sur-
face, as determined by expert analysis of flow cytometry. How-
ever, the precise cut-off for minimal CD22 expression is not known.
In the INO-VATE trial, there was no difference in outcomes be-

tween patients with CD22 expression on <90% compared to >90%
of blasts, but only 5 out of 164 (3%) patients had CD22 expres-
sion of less than 70%, thus limiting the ability to perform robust
subset analysis of patients with lower level CD22 expression. In
the COG phase 2 AALL1621 trial, 3 patients had baseline partial
CD22 expression (40%, 79% and 83% partial CD22+ populations)
and postcycle 1 evaluations revealed emergence of predominantly
CD22 negative populations (6.5%, 34%, and 48% CD22+, respec-
tively), precluding eradication of minimal residual disease [46]. In
addition, low CD22 antigen density was associated with response
to treatment. Patients with KMT2A-rearrangement (KMT2A-R) are
more likely to have partial CD22 expression and lower antigen
density, which may contribute to observed lower response rates in
this patient subgroup [47]. Further study is needed to determine
minimum necessary levels of CD22 expression, but these findings
suggest that CD19-directed treatments should instead be consid-
ered for treatment of patients with significant subpopulations of
CD22-negative blasts.

CNS and extramedullary disease

One significant benefit of CAR T-cell therapy is the ability to
traffic to the CNS, and induce potent and durable responses [48].
In contrast, neither InO or blinatumomab have CNS penetration.
In the phase 2 COG trial of single-agent InO in pediatric pa-
tients with multiply R/R B-ALL, of the 28 patients who achieved
CR/CRi, 2 patients developed progressive disease in the CNS de-
spite CR in the bone marrow [49], highlighting the lack of CNS
penetration of InO and need for concurrent CNS-directed therapy.
Although there were initial concerns that CNS-directed therapies
may worsen the neurotoxicity observed with blinatumomab [34],
recent studies have demonstrated that CNS prophylaxis can be
administered concurrently with blinatumomab without additional
toxicity [8,50]. Thus, in patients with CNS disease, either CAR T-cell
therapy should be utilized or CNS-directed therapy added to InO or
blinatumomab.

For non-CNS extramedullary disease, there are anecdotal re-
ports of activity of both CAR T-cells and InO [51,52], but data re-
mains fairly limited. In the phase 1/2 study of InO in adults with
R/R ALL, although patients with isolated extramedullary disease
were excluded, of the 8 patients with concurrent extramedullary
disease, 50% had disease regression [53]. In contrast, there is little
data to suggest that blinatumomab has activity in extramedullary
disease and, in fact, extramedullary relapse appears to be relatively
common in some series [42].

Eligibility and need for HSCT

CD19-targeted CAR T-cell therapy has the most compelling
data for durable remissions without subsequent consolidation with
HSCT. In the phase 2 ELIANA trial, among the 65 patients with
CR/CRi, only 8 patients underwent HSCT and responses were ongo-
ing in 29 patients (44.6%) without further therapy, demonstrating
that some patients achieved durable remissions without HSCT [20].
In a single institution phase 1 trial of 53 adult patients treated
with 19-28z CAR, among the 32 patients who achieved an MRD-
negative remission, there was no significant difference in EFS or
0S between patients who underwent HSCT and those who did not
(P=.64 and P=.89, respectively) [24]. These results have led to the
hope that CAR T-cell therapy may be used as definitive consolida-
tion without HSCT in some patients. However, further research is
needed to identify patients who are likely to achieve long-term re-
mission with CAR T-cell therapy alone, and which patients are at
higher risk of subsequent relapse for whom consolidation with al-
logeneic HSCT is warranted. In the initial pediatric phase 1 trial of
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tisagenlecleucel, B cell aplasia occurred in all responders, and re-
covery of peripheral B cells, particularly before 6 months from CAR
T-cell infusion, was associated with risk of CD19-positive relapse
[21]. Thus, one strategy, particularly in the pediatric setting, is to
use CAR T-cell therapy in lieu of HSCT if possible and save HSCT for
those who have early B cell recovery or subsequent CD19-negative
relapse after CAR T-cell therapy.

Whether patients achieving CR following blinatumomab ther-
apy require HSCT is less clear. In the original study by Topp
et al, of 11 patients not receiving HSCT, 6 remained in contin-
ued CR at a median follow-up of 31 months [54]. Similarly, in the
larger phase 2 trial, 12 of 36 patients (33.3%) without HSCT were
alive in continued CR, compared to the 30 of 74 (40.5%) of pa-
tients who received HSCT [38]. In contrast, despite the high rates
of remission, InO has a short duration of response in most pa-
tients, and therefore is typically used as a bridge to definitive ther-
apy, often HSCT. In analysis of pooled data from both the phase
1/2 and phase 3 INO-VATE trials [11,53], 2-year OS was 22.8% for
patients receiving InO but increased to 51% among patients pro-
ceeding directly to HSCT upon remission [55]. Thus, although pa-
tients receiving CAR T-cell therapy, and potentially blinatumomab,
may be able to achieve a durable remission without HSCT, pa-
tients likely require HSCT to maintain remission following InO
therapy.

Logistics/patient preferences

Of the 3 agents, InO has the most straightforward administra-
tion, with a short weekly outpatient infusion, which may allow
patients the most flexibility with scheduling. Blinatumomab is ad-
ministered continuously over 4 weeks via an infusion pump, which
requires frequent bag changes and continued intravenous access.
This, combined with the short period of hospitalization during the
initial ramp-up period, may be less convenient for the patient.

CAR T-cell therapy is arguably the most complex of the 3 thera-
pies, requiring a multistep manufacturing process, which can span
4 to 5 weeks. Patients may have difficulty with disease control
while awaiting manufacturing and suffer severe complications in-
cluding infectious death during bridging chemotherapy. In addi-
tion, in some cases manufacturing failure or inadequate peripheral
T cell count or function may result in lack of CAR T-cell product
for infusion. For instance, of the 83 adult patients with R/R B-ALL
enrolled in a large CAR T-cell study, 30 did not receive CAR T-cell
product [24], highlighting the significant issues of manufacturing.
Off-the-shelf allogeneic CAR T-cell products are in development to
address some of these issues, but challenges with this approach
include risk of graft-versus-host disease and short duration of per-
sistence [56,57].

Future directions and remaining challenges
Sequencing approaches

Many current approaches utilize several novel agents and se-
quence them in a manner that attempts draw on the relative
strengths of each. For instance, in an ongoing cooperative group
trial, patients with relapsed B-ALL (or older patients with newly
diagnosed B-ALL) will receive one to 2 cycles of InO to decrease
disease burden, followed by blinatumomab to maintain remission
(NCT03739814). Given the potential risk of sinusoidal obstruction
syndrome (SOS) with allogeneic HSCT, CAR T-cell therapy may also
have a role as a definitive treatment following InO. As mentioned
previously, care must be taken when combining blinatumomab and
CD19-directed CAR T-cells, as their common shared antigen may
decrease response rates when given sequentially. As CD22-directed

CAR T-cells become more common, similar issues will likely arise
with InO.

Combination with other agents

Most recently, combination approaches with these novel agents
have been used in attempt to improve response rates and du-
ration of remissions. Unlike CAR T-cells and blinatumomab, InO
activity does not rely on autologous T-cell function for activity,
which allows for concurrent use with cytotoxic chemotherapy reg-
imens. Several ongoing trials are currently investigating this ap-
proach and early results have been reported. In a single arm phase
2 trial, 59 adults with relapsed/refractory ALL were treated with
the mini-hyper-CVD regimen combined with InO [58]. Overall re-
sponse rate (ORR) was 78%, with 59% achieving CR, and post-hoc
analysis demonstrating superior ORR and OS compared to historic
controls. However, 9 patients (15%) developed SOS. Based on the
rates of SOS, both protocols were revised to decrease InO dosing
from 1.8 mg/m? to 1.3 mg/m? in cycle 1 and from 1.3 mg/m?2 to 1
mg/m? in cycles 2 to 4, with subsequent amendments using a frac-
tionated schedule. Following this amendment, no further cases of
SOS were identified. Interestingly, among patients with ALL in first
relapse treated with mini-hyper-CVAD plus InO, with or without
blinatumomab, 6 patients (13%) achieved a durable MRD-negative
remission without subsequent HSCT [59], suggesting this may be
a feasible approach for patients who are not transplant eligible.
Trials incorporating fractionated InO dosing regimens and combi-
nations with more intensive chemotherapy backbones (ie, hyper-
CVAD) are underway (NCT01371630, NCT03488225, NCT01925131).

In contrast, because blinatumomab relies on T cell activity,
there is concern that concurrent cytotoxic chemotherapy may
decrease the efficacy and thus combination strategies with bli-
natumomab have relied on immune modulation. For instance,
preclinical work suggests that PD-1 inhibition may synergize with
blinatumomab [60], and thus ongoing clinical trials are investigat-
ing adding PD-1 inhibition and CTLA-4 blockade to blinatumomab
treatment in patients with relapsed/refractory ALL (NCT02879695)
[61]. Rather than combination approaches, strategies to improve
CAR T-cell therapy have, in general, focused on intrinsic modi-
fication to the CAR T-cell product. However, some early reports
suggest that checkpoint inhibitors may be effectively and safely
combined with CAR T-cell therapy to improve efficacy [62] and is
currently being studied in ongoing trials (NCT00586391).

Remaining challenges

Despite the impressive progress that these agents have provided
in the treatment of R/R B-ALL, several challenges remain. Certain
disease subsets, such as KMT2A-R B-ALL, appear to have poor re-
sponse even to the novel agents. Among patients treated with
InO, the small subgroup of patients with KMT2A-rearrangement
(KMT2A-R) were less likely have CD22 expression and had the
lowest MRD-negative rate and shortest median progression-free
survival compared to other cytogenetic subgroups [47,63]. CD19-
targeted treatment of KMT2A -R B-ALL has been reported to induce
lineage switch to acute myeloid leukemia [64-66].

In addition, as these agents are increasingly incorporated into
upfront therapy, whether they will retain efficacy in the relapse
setting is unknown. With the recent FDA-approval, blinatumomab
is now becoming standard of care treatment for any patient with
MRD-positive B-ALL. Although InO is not approved in the MRD-
setting, a currently ongoing cooperative group trial for adoles-
cents and young adults with newly diagnosed B-cell ALL random-
izes patients to receive InO following induction, in attempt to de-
crease MRD and improve outcomes (NCT03150693). InO is also be-
ing studied in newly diagnosed older adults with B-ALL, either
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in combination with less-intensive chemotherapy [67] or in com-
bination with blinatumomab, for a “chemotherapy-free” approach
(NCT03739814). An ongoing COG trial is investigating the use of ti-
sagenlecleucel in newly diagnosed high risk pediatric and young
adult patients with MRD-positive B-ALL following consolidation
therapy (NCT038767690). Depending on the results of these trials,
it is possible that all 3 of these novel agents will become a stan-
dard of care treatment for newly diagnosed patients, which in turn
could impact efficacy in the setting of relapse.

Conclusion

In summary, choosing an treatment approach for a patient with
R/R B-ALL requires consideration of multiple factors and is not a
simple one-size fits all approach. While the approval of these novel
agents has made the past decade and exciting time for the field of
B-cell ALL and has dramatically improved the outcomes for these
patients, now the treatment of R/R B-ALL has become somewhat
of an embarrassment of riches, with many good options available.
Choosing which agent to use, and when, depends on many fac-
tors, including both patient-related and disease-specific considera-
tions. Future studies will be needed to determine how to best com-
bine and sequence these agents so that the best outcomes can be
achieved.

Conflict of interest

Dr Curran serves on an advisory board for Servier. Dr O'Brien
received an honoraria from Pfizer, as well as research funding to
her institution from Pfizer, AbbVie, Amgen, Jazz Pharmaceuticals,
and Bristol Meyers Squibb.

References

[1] Fielding AK, Richards SM, Chopra R, et al. Outcome of 609 adults after re-
lapse of acute lymphoblastic leukemia (ALL); an MRC UKALL12/ECOG 2993
study. Blood 2007;109(3):944-50 e-pub ahead of print 2006/10/13. doi:10.
1182/blood-2006-05-018192.

Tavernier E, Boiron JM, Huguet F, et al. Outcome of treatment after first relapse

in adults with acute lymphoblastic leukemia initially treated by the LALA-94

trial. Leukemia 2007;21(9):1907-14 e-pub ahead of print 2007/07/06. doi:10.
1038/sj.leu.2404824.

Bassan R. Toward victory in adult ALL: blinatumomab joins. Blood

2012;120(26):5094-5. doi:10.1182/blood-2012-10-460394.

[4] Przepiorka D, Ko CW, Deisseroth A, et al. FDA Approval: Blinatumomab. Clin

Cancer Res 2015;21(18):4035-9. doi:10.1158/1078-0432.CCR-15-0612.

[5] Topp MS, Gokbuget 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. doi:10.1016/S1470-2045(14)71170-2.

Kantarjian H, Stein A, Gokbuget N, et al. Blinatumomab versus Chemotherapy

for Advanced Acute Lymphoblastic Leukemia. N Engl ] Med 2017;376(9):836-

47. doi:10.1056/NE]Mo0a1609783.

Martinelli G, Boissel N, Chevallier P, et al. Complete hematologic and molecular

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. ] Clin

Oncol 2017;35(16):1795-802. doi:10.1200/JC0.2016.69.3531.

von Stackelberg A, Locatelli F, Zugmaier G, et al. Phase [/Phase II study of bli-

natumomab in pediatric patients with relapsed/refractory acute lymphoblastic

leukemia. J Clin Oncol 2016;34(36):4381-9. doi:10.1200/JC0.2016.67.3301.

Raponi S, De Propris MS, Intoppa S, et al. Flow cytometric study of potential

target antigens (CD19, CD20, CD22, CD33) for antibody-based immunother-

apy in acute lymphoblastic leukemia: analysis of 552 cases. Leuk Lymphoma
2011;52(6):1098-107. doi:10.3109/10428194.2011.559668.

[10] Kantarjian H, Thomas D, Jorgensen ], et al. Results of inotuzumab ozogam-
icin, a CD22 monoclonal antibody, in refractory and relapsed acute lympho-
cytic leukemia. Cancer 2013;119(15):2728-36 e-pub ahead of print 2013/05/02.
doi:10.1002/cncr.28136.

[11] Kantarjian HM, DeAngelo D], Stelljes M, et al. Inotuzumab ozogamicin versus
standard therapy for acute lymphoblastic leukemia. N Engl ] Med 2016. doi: 10.
1056/NEJM0a1509277.

[12] Jabbour E, O'Brien S, Huang X, et al. Prognostic factors for outcome in
patients with refractory and relapsed acute lymphocytic leukemia treated
with inotuzumab ozogamicin, a CD22 monoclonal antibody. Am ] Hematol
2015;90(3):193-6 e-pub ahead of print 2014/11/20. doi:10.1002/ajh.23901.

12

i3

[6

[7

8

[

[13] Kantarjian HM, DeAngelo D], Stelljes M, et al. Inotuzumab ozogamicin versus
standard of care in relapsed or refractory acute lymphoblastic leukemia: Final
report and long-term survival follow-up from the randomized, phase 3 INO-
VATE study. Cancer 2019;125(14):2474-87. doi:10.1002/cncr.32116.

[14] Brivio E, Lopez-Yurda M, Ownes C, et al. A Phase I study of single-agent
inotuzumab ozogamicin in pediatric CD22-positive relapsed/refractory acute
lymphoblastic leukemia: preliminary results of the ITCC-059 study. Blood
2019;134(Supplement_1):2629 2629. doi:10.1182/blood-2019-122411.

[15] Bhojwani D, Sposto R, Shah NN, et al. Inotuzumab ozogamicin in pedi-
atric patients with relapsed/refractory acute lymphoblastic leukemia. Leukemia
2019;33(4):884-92. doi:10.1038/s41375-018-0265-z.

[16] Zhang C, Liu J, Zhong JF, Zhang X. Engineering CAR-T cells. Biomark Res
2017;5::22. doi:10.1186/s40364-017-0102-y.

[17] Kalos M, Levine BL, Porter DL, et al. T cells with chimeric antigen recep-
tors have potent antitumor effects and can establish memory in patients with
advanced leukemia. Sci Transl Med 2011;3(95) 95ra73e-pub ahead of print
2011/08/13. doi:10.1126/scitranslmed.3002842.

[18] Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor T cells for sus-
tained remissions in leukemia. N Engl ] Med 2014;371(16):1507-17. doi:10.
1056/NEJMoa1407222.

[19] Maude SL, Teachey DT, Rheingold SR, et al. Sustained remissions with CD19-
specific chimeric antigen receptor (CAR)-modified T cells in children with re-
lapsed/refractory ALL. J Clin Oncol 2016;34(15_suppl):3011 3011. doi:10.1200/
]C0.2016.34.15_suppl.3011.

[20] Grupp SA, Maude SL, Rives S, et al. Updated analysis of the efficacy and
safety of tisagenlecleucel in pediatric and young adult patients with re-
lapsed/refractory (r/r) acute lymphoblastic leukemia. Blood 2018;132(Supple-
ment 1):895 895. doi:10.1182/blood-2018-99-112599.

[21] Maude SL, Laetsch TW, Buechner ], et al. Tisagenlecleucel in children
and young adults with B-cell lymphoblastic leukemia. N Engl ] Med
2018;378(5):439-48. doi:10.1056/NE]Moa1709866.

[22] Gardner RA, Finney O, Annesley C, et al. Intent-to-treat leukemia remission
by CD19 CAR T cells of defined formulation and dose in children and young
adults. Blood 2017;129(25):3322-31. doi:10.1182/blood-2017-02-769208.

[23] Lee DW, Kochenderfer JN, Stetler-Stevenson M, et al. T cells expressing CD19
chimeric antigen receptors for acute lymphoblastic leukaemia in children and
young adults: a phase 1 dose-escalation trial. Lancet 2015;385(9967):517-28.
doi:10.1016/S0140-6736(14)61403-3.

[24] Park JH, Riviere I, Gonen M, et al. Long-term follow-up of CD19 CAR therapy in
acute lymphoblastic leukemia. N Engl ] Med 2018;378(5):449-59. doi:10.1056/
NEJMo0a1709919.

[25] Turtle CJ, Hanafi LA, Berger C, et al. CD19 CAR-T cells of defined CD4+:CD8+
composition in adult B cell ALL patients. ] Clin Invest 2016;126(6):2123-38.
doi:10.1172/JCI85309.

[26] Badar T, Szabo A, Advani A, et al. Real-world outcomes of adult B-cell
acute lymphocytic leukemia patients treated with blinatumomab. Blood Adv
2020;4(10):2308-16. doi:10.1182/bloodadvances.2019001381.

[27] Badar T, Szabo A, Wadleigh M, et al. Real-world outcomes of adult B-cell acute
lymphocytic leukemia patients treated with inotuzumab ozogamicin. Clin Lym-
phoma Myeloma Leuk 2020. doi:10.1016/j.clm1.2020.03.004.

[28] Topp MS, Gokbuget N, Zugmaier G, et al. Phase II trial of the anti-CD19 bis-
pecific T cell-engager blinatumomab shows hematologic and molecular remis-
sions in patients with relapsed or refractory B-precursor acute lymphoblastic
leukemia. ] Clin Oncol 2014;32(36):4134-40 e-pub ahead of print 2014/11/12.
doi:10.1200/]JC0.2014.56.3247.

[29] Gofshteyn ]S, Shaw PA, Teachey DT, et al. Neurotoxicity after CTLO19 in a pedi-
atric and young adult cohort. Ann Neurol 2018;84(4):537-46. doi:10.1002/ana.
25315.

[30] Santomasso BD, Park JH, Salloum D, et al. Clinical and biological correlates
of neurotoxicity associated with CAR T-cell therapy in patients with B-cell
acute lymphoblastic leukemia. Cancer Discov 2018;8(8):958-71. doi:10.1158/
2159-8290.CD-17-1319.

[31] Gust ], Hay KA, Hanafi LA, et al. Endothelial activation and blood-brain barrier
disruption in neurotoxicity after adoptive immunotherapy with CD19 CAR-T
cells. Cancer Discov 2017;7(12):1404-19. doi:10.1158/2159-8290.CD-17-0698.

[32] DeAngelo DJ, et al. Clinical outcomes for the phase 2, single-arm, multicen-
ter trial of JCARO15 in adult B-ALL (ROCKET Study). J. Immunother Cancer
2017;5:86 [abstract P217].

[33] Locke FL, Neelapu SS, Bartlett NL, et al. Preliminary results of prophylac-
tic tocilizumab after axicabtageneciloleucel (axi-cel; KTE-C19) treatment for
patients with refractory, aggressive non-Hodgkin lymphoma (NHL). Blood
2017;130(Supplement 1):1547 1547. doi:10.1182/blood.V130.Suppl_1.1547.1547.

[34] Gokbuget N, Dombret H, Bonifacio M, et al. Blinatumomab for minimal resid-
ual disease in adults with B-cell precursor acute lymphoblastic leukemia.
Blood 2018;131(14):1522-31. doi:10.1182/blood-2017-08-798322.

[35] Le RQ, Li L, Yuan W, et al. FDA approval summary: tocilizumab for treatment
of chimeric antigen receptor T cell-induced severe or life-threatening cytokine
release syndrome. Oncologist 2018;23(8):943-7. doi:10.1634/theoncologist.
2018-0028.

[36] Hay KA. Cytokine release syndrome and neurotoxicity after CD19
chimeric antigen receptor-modified (CAR-) T cell therapy. Br ] Haematol
2018;183(3):364-74. doi:10.1111/bjh.15644.

[37] Kernan NA, Richardson PG, Smith AR, et al. Defibrotide for the treatment
of hepatic veno-occlusive disease/sinusoidal obstruction syndrome follow-
ing nontransplant-associated chemotherapy: final results from a post hoc


https://doi.org/10.1182/blood-2006-05-018192
https://doi.org/10.1038/sj.leu.2404824
https://doi.org/10.1182/blood-2012-10-460394
https://doi.org/10.1158/1078-0432.CCR-15-0612
https://doi.org/10.1016/S1470-2045(14)71170-2
https://doi.org/10.1056/NEJMoa1609783
https://doi.org/10.1200/JCO.2016.69.3531
https://doi.org/10.1200/JCO.2016.67.3301
https://doi.org/10.3109/10428194.2011.559668
https://doi.org/10.1002/cncr.28136
https://doi.org/10.1056/NEJMoa1509277
https://doi.org/10.1002/ajh.23901
https://doi.org/10.1002/cncr.32116
https://doi.org/10.1182/blood-2019-122411
https://doi.org/10.1038/s41375-018-0265-z
https://doi.org/10.1186/s40364-017-0102-y
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1200/JCO.2016.34.15_suppl.3011
https://doi.org/10.1182/blood-2018-99-112599
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1182/blood-2017-02-769208
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1056/NEJMoa1709919
https://doi.org/10.1172/JCI85309
https://doi.org/10.1182/bloodadvances.2019001381
https://doi.org/10.1016/j.clml.2020.03.004
https://doi.org/10.1200/JCO.2014.56.3247
https://doi.org/10.1002/ana.25315
https://doi.org/10.1158/2159-8290.CD-17-1319
https://doi.org/10.1158/2159-8290.CD-17-0698
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0032
https://doi.org/10.1182/blood.V130.Suppl_1.1547.1547
https://doi.org/10.1182/blood-2017-08-798322
https://doi.org/10.1634/theoncologist.2018-0028
https://doi.org/10.1111/bjh.15644

E. Curran and M. O'Brien/Seminars in Hematology 57 (2020) 157-163 163

analysis of data from an expanded-access program. Pediatr Blood Cancer
2018;65(10):e27269 e-pub ahead of print 2018/06/07. doi:10.1002/pbc.27269.

[38] Goekbuget N, Dombret H, Zugmaier G, et al. Blinatumomab for minimal
residual disease (MRD) in adults with B-cell precursor acute lymphoblastic
leukemia (BCP-ALL): median overall survival (OS) is not reached in complete
MRD responders at a median follow-up of 53.1 months. Blood 2018;132(Suppl
1):554 554. doi:10.1182/blood-2018-99-111516.

[39] Brown PA, Ji L, Xu X, et al. A randomized phase 3 trial of blinatumomab
vs chemotherapy as post-reinduction therapy in high and intermediate risk
(HR/IR) first relapse of B-acute lymphoblastic leukemia (B-ALL) in children and
adolescents/young adults (AYAs) demonstrates superior efficacy and tolerabil-
ity of blinatumomab: a report from children’s oncology group study AALL1331.
Blood 2019;134(Supplement_2) LBA-1-LBA-1. doi:10.1182/blood-2019-132435.

[40] Frey N. Cytokine release syndrome: who is at risk and how to treat. Best Pract
Res Clin Haematol 2017;30(4):336-40. doi:10.1016/j.beha.2017.09.002.

[41] Kantarjian HM, DeAngelo DJ, Stelljes M, et al. Inotuzumab ozogamicin ver-
sus standard therapy for acute lymphoblastic leukemia. N Engl ] Med
2016;375(8):740-53. doi:10.1056/NEJMo0a1509277.

[42] Aldoss I, Song ], Stiller T, et al. Correlates of resistance and relapse during bli-
natumomab therapy for relapsed/refractory acute lymphoblastic leukemia. Am
J Hematol 2017;92(9):858-65. doi:10.1002/ajh.24783.

[43] Jabbour E, Dull ], Yilmaz M, et al. Outcome of patients with relapsed/refractory
acute lymphoblastic leukemia after blinatumomab failure: no change in the
level of CD19 expression. Am ] Hematol 2018;93(3):371-4. doi:10.1002/ajh.
24987.

[44] Mejstrikova E, Hrusak O, Borowitz M], et al. CD19-negative relapse of pediatric
B-cell precursor acute lymphoblastic leukemia following blinatumomab treat-
ment. Blood Cancer ] 2017;7(12):659. doi:10.1038/s41408-017-0023-x.

[45] Pillai V, Muralidharan K, Meng W, et al. CAR T-cell therapy is effective for
CD19-dim B-lymphoblastic leukemia but is impacted by prior blinatumomab
therapy. Blood Adv 2019;3(22):3539-49 e-pub ahead of print 2019/11/19.
doi:10.1182/bloodadvances.2019000692.

[46] Shah NN, O'Brien MM, Yuan C, et al. Evaluation of CD22 modulation as a
mechanism of resistance to inotuzumab ozogamicin (InO): results from cen-
tral CD22 testing on the Children’s Oncology Group (COG) phase II trial of INO
in children and young adults with CD22+ B-acute lymphoblastic leukemia (B-
ALL). ] Clin Oncoly 2020;38(15_suppl):10519 10519. doi:10.1200/JC0.2020.38.
15_suppl.10519.

[47] Jabbour E, Advani AS, Stellijes M, et al. Prognostic implications of cytoge-
netics in adults with acute lymphoblastic leukemia treated with inotuzumab
ozogamicin. Am ] Hematol 2019;94(4):408-16. doi:10.1002/ajh.25394.

[48] Rheingold SR, Chen LN, Maude SL, et al. Efficient trafficking of chimeric
antigen receptor (CAR)-modified T cells to CSF and induction of durable
CNS remissions in children with CNS/combined relapsed/refractory ALL. Blood
2015;126(23):3769 3769. doi:10.1182/blood.V126.23.3769.3769.

[49] O'Brien MM, Ji L, Shah NN, et al. A phase 2 trial of inotuzumab ozogam-
icin (InO) in children and young adults with relapsed or refractory (R/R)
CD22+ B-acute lymphoblastic leukemia (B-ALL): results from children’s oncol-
ogy group protocol AALL1621. Blood 2019;134(Supplement_1):741 741. doi:10.
1182/blood-2019-128977.

[50] Alfayez M, Kantarjian HM, Short NJ, et al. Safety and efficacy of blinatu-
momab in patients with central nervous system (CNS) disease: a single in-
stitution experience. Blood 2018;132(Supplement 1):2702 2702. doi:10.1182/
blood-2018-99-117400.

[51] Zhang X, Lu XA, Yang J, et al. Efficacy and safety of anti-CD19 CAR T-cell
therapy in 110 patients with B-cell acute lymphoblastic leukemia with high-
risk features. Blood Adv 2020;4(10):2325-38 e-pub ahead of print 2020/05/27.
doi:10.1182/bloodadvances.2020001466.

[52] Bertamini L, Nanni ], Marconi G, et al. Inotuzumab ozogamicin is effec-
tive in relapsed/refractory extramedullary B acute lymphoblastic leukemia.
BMC Cancer 2018;18(1):1117 e-pub ahead of print 2018/11/18. doi:10.1186/
$12885-018-5026-x.

[53] 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):1167-80 e-pub ahead of print 2018/01/04.
doi:10.1182/bloodadvances.2016001925.

[54] Topp MS, Gokbuget N, Zugmaier G, et al. Long-term follow-up of hema-
tologic relapse-free survival in a phase 2 study of blinatumomab in pa-
tients with MRD in B-lineage ALL. Blood 2012;120(26):5185-7. doi:10.1182/
blood-2012-07-441030.

[55] Marks DI, Kebriaei P, Stelljes M, et al. Outcomes of allogeneic stem cell trans-
plantation after inotuzumab ozogamicin treatment for relapsed or refractory
acute lymphoblastic leukemia. Biol Blood Marrow Transplant 2019;25(9):1720-
9 e-pub ahead of print 2019/05/01. doi:10.1016/j.bbmt.2019.04.020.

[56] Depil S, Duchateau P, Grupp SA, Mufti G, Poirot L. 'Off-the-shelf allogeneic CAR
T cells: development and challenges. Nat Rev Drug Discov 2020;19(3):185-99
e-pub ahead of print 2020/01/05. doi:10.1038/s41573-019-0051-2.

[57] Qasim W, Zhan H, Samarasinghe S, et al. Molecular remission of infant B-
ALL after infusion of universal TALEN gene-edited CAR T cells. Sci Transl Med
2017;9(374) e-pub ahead of print 2017/01/27. doi:10.1126/scitranslmed.aaj2013.

[58] Jabbour E, Ravandi F, Kebriaei P, et al. Salvage chemoimmunotherapy with in-
otuzumab ozogamicin combined with mini-hyper-CVD for patients with re-
lapsed or refractory Philadelphia chromosome-negative acute lymphoblastic
leukemia: a phase 2 clinical trial. JAMA Oncol 2018;4(2):230-4 e-pub ahead
of print 2017/09/01. doi:10.1001/jamaoncol.2017.2380.

[59] 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
lymphoblastic leukemia in first salvage. Cancer 2018;124(20):4044-55 e-pub
ahead of print 2018/10/12. doi:10.1002/cncr.31720.

[60] Wunderlich M, Manning N, Sexton C, John PP, Mizukawa B, Mulloy JC. PD-1 in-
hibition enhances blinatumomab response in a UCB/PDX model of B-cell acute
lymphoblastic leukemia. Blood 2017;130(Suppl 1):1318 1318.

[61] Webster ], Luskin MR, Prince GT, et al. Blinatumomab in combination with
immune checkpoint inhibitors of PD-1 and CTLA-4 in adult patients with
relapsed/refractory (R/R) CD19 positive B-cell acute lymphoblastic leukemia
(ALL): preliminary results of a phase I study. Blood 2018;132(Suppl 1):557 557.
doi:10.1182/blood-2018-99-111845.

[62] Li AM, Hucks GE, Dinofia AM, et al. Checkpoint inhibitors augment CD19-
directed chimeric antigen receptor (CAR) T cell therapy in relapsed B-cell acute
lymphoblastic leukemia. Blood 2018;132(Supplement 1):556 556. doi:10.1182/
blood-2018-99-112572.

[63] Jabbour EJ, DeAngelo D], 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):1722-32 e-
pub ahead of print 2018/01/31. doi:10.1002/cncr.31249.

[64] Zoghbi A, Zur Stadt U, Winkler B, Muller I, Escherich G. Lineage switch under
blinatumomab treatment of relapsed common acute lymphoblastic leukemia
without MLL rearrangement. Pediatr Blood Cancer 2017;64(11). doi:10.1002/
pbc.26594.

[65] Wolfl M, Rasche M, Eyrich M, Schmid R, Reinhardt D, Schlegel PG. Spontaneous
reversion of a lineage switch following an initial blinatumomab-induced ALL-
to-AML switch in MLL-rearranged infant ALL. Blood Adv 2018;2(12):1382-5.
doi:10.1182/bloodadvances.2018018093.

[66] Haddox CL, Mangaonkar AA, Chen D, et al. Blinatumomab-induced lineage
switch of B-ALL with t(4:11)(q21;q23) KMT2A/AFF1 into an aggressive AML:
pre- and post-switch phenotypic, cytogenetic and molecular analysis. Blood
Cancer ] 2017;7(9):e607. doi:10.1038/bcj.2017.89.

[67] Kantarjian H, Ravandi F, Short NJ, et al. Inotuzumab ozogamicin in combi-
nation 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):240-8 e-pub ahead of print 2018/01/21. doi:10.
1016/S1470-2045(18)30011-1.


https://doi.org/10.1002/pbc.27269
https://doi.org/10.1182/blood-2018-99-111516
https://doi.org/10.1182/blood-2019-132435
https://doi.org/10.1016/j.beha.2017.09.002
https://doi.org/10.1056/NEJMoa1509277
https://doi.org/10.1002/ajh.24783
https://doi.org/10.1002/ajh.24987
https://doi.org/10.1038/s41408-017-0023-x
https://doi.org/10.1182/bloodadvances.2019000692
https://doi.org/10.1200/JCO.2020.38.15_suppl.10519
https://doi.org/10.1002/ajh.25394
https://doi.org/10.1182/blood.V126.23.3769.3769
https://doi.org/10.1182/blood-2019-128977
https://doi.org/10.1182/blood-2018-99-117400
https://doi.org/10.1182/bloodadvances.2020001466
https://doi.org/10.1186/s12885-018-5026-x
https://doi.org/10.1182/bloodadvances.2016001925
https://doi.org/10.1182/blood-2012-07-441030
https://doi.org/10.1016/j.bbmt.2019.04.020
https://doi.org/10.1038/s41573-019-0051-2
https://doi.org/10.1126/scitranslmed.aaj2013
https://doi.org/10.1001/jamaoncol.2017.2380
https://doi.org/10.1002/cncr.31720
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30044-5/sbref0060
https://doi.org/10.1182/blood-2018-99-111845
https://doi.org/10.1182/blood-2018-99-112572
https://doi.org/10.1002/cncr.31249
https://doi.org/10.1002/pbc.26594
https://doi.org/10.1182/bloodadvances.2018018093
https://doi.org/10.1038/bcj.2017.89
https://doi.org/10.1016/S1470-2045(18)30011-1

	Role of blinatumomab, inotuzumab, and CAR T-cells: Which to choose and how to sequence for patients with relapsed disease
	Introduction
	Novel Agents
	Blinatumomab
	Inotuzumab ozogamicin
	Chimeric antigen receptor (CAR) T cells

	Considerations in choosing a novel agent
	Efficacy
	Toxicity
	Burden of disease
	Antigen expression
	CNS and extramedullary disease
	Eligibility and need for HSCT
	Logistics/patient preferences

	Future directions and remaining challenges
	Sequencing approaches
	Combination with other agents

	Remaining challenges
	Conclusion
	Conflict of interest
	References


