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a b s t r a c t 

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. 
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Historically, survival for adult patients with relapsed and

efractory (R/R) acute lymphoblastic leukemia (ALL) has been

ismal, with 5-year overall survival (OS) rates of 7% to 8% [ 1 , 2 ].

owever, over the past decade, there has been an impressive array

f novel agents, which have dramatically changed the treatment

pproaches and outcomes for patients with R/R B-cell ALL (B-ALL).

he 3 currently the United States Food and Drug Administration

FDA)-approved agents, blinatumomab, inotuzumab ozogamicin 

InO) and the CD19 chimeric antigen receptor (CAR) T cell, ti-

agenlecleucel, were all approved within the span of 3 years

nd all have demonstrated improved response rates and survival

s compared to historic controls. Thus, with several excellent

reatment options available, choosing which agent to use and how

o sequence these treatments can be a challenge. In this review,

e discuss some of the important considerations in choosing a

egimen, as well as remaining challenges. 
∗ Corresponding author. Emily Curran, MD, University of Cincinnati Cancer Insti- 
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ovel Agents 

linatumomab 

Blinatumomab is a bi-specific T-cell engager (BiTE) targeted

o CD19 and CD3, which promotes immune mediated elimina-

ion of B-cell lymphoblasts by cytotoxic T cells [ 3 , 4 ]. Due to the

hort half-life, it is administered as a continuous infusion, typi-

ally over 4 weeks with a 2 week rest period between cycles. Bli-

atumomab was initially FDA-approved in 2014 for treatment of

dults with Philadelphia chromosome (Ph)-negative relapsed or re-

ractory B-ALL, with expansion to include Ph + and pediatric ALL

n 2017. Recently, blinatumomab received additional approval for

RD-positive disease. 

These approvals were based in part on a multicenter phase 2

rial of blinatumomab in 189 patients with Ph-negative primary

efractory or relapsed (R/R) ALL, in which 43% achieved a com-

lete response (CR) or CR with partial hematologic recovery (CRh)

fter 2 cycles of treatment. Impressively, 82% of responding pa-

ients also achieved MRD-negativity, defined as less than 10 −4 

etectable blasts [5] . A larger follow-up multi-center randomized

hase 3 trial (TOWER) demonstrated similar response rates, with

3.9% of patients achieving CR/CRh or CR with incomplete hemal-

ologic recovery (CRi) within the first 2 cycles of treatment, and

6% of responders also with MRD-negativity [6] . Importantly, this

https://doi.org/10.1053/j.seminhematol.2020.11.001
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rial also demonstrated a significantly longer overall survival (OS) 

ith blinatumomab treatment compared to standard of care (7.7 vs 

.0 months, P = .01) and longer median duration of remission (7.3

onths vs 4.6 months). Similar response rates were seen in Ph +
nd pediatric ALL, with CR/CRh rates of 36% and 39%, respectively

 7 , 8 ]. 

notuzumab ozogamicin 

CD22 is highly expressed in most cases of B-ALL, making it

n excellent target for immunotherapeutic agents [9] . Inotuzumab 

zogamicin (InO) is a potent antibody-drug conjugate (ADC), con- 

isting of a CD22-targeted humanized antibody covalently linked 

o calicheamicin. Upon binding to surface CD22 on target cells, InO

s rapidly internalized and induces DNA damage, leading to tumor 

ell apoptosis. InO is administered in a fractionated weekly sched- 

le, based on initial phase 1/2 trials demonstrating similar efficacy 

ith decreased toxicity compared to a single dose every 4 weeks

10] , and was approved in August 2017 by the FDA for the treat-

ent of adults with first or greater relapse of B-ALL. 

The pivotal INO-VATE phase 3 trial for adults with R/R B-ALL

andomized patients to InO vs best available intensive chemother- 

py (high-dose cytarabine based regimen) [11] . The CR/CRi rate 

as significantly higher in the InO arm than in the standard ther-

py arm (73.8% vs 30.9%, P < .0 0 01) and, among the patients with

R/CRi, a higher percentage in the InO arm became MRD-negative 

78.4% vs 28.1%, P < .001). Response rates with InO were sim-

lar regardless of duration of prior remission, presence of prior 

ematopoietic stem cell transplantation (HSCT), salvage attempt, 

nd CD22 expression level ( < 90% or ≥90% of blasts) [12] . For pa-

ients achieving CR/CRi, duration of remission was longer in the 

nO arm compared to the chemotherapy arm (median, 5.4 months 

s 4.2 months P = .0071) and patients were more likely to proceed

irectly to HSCT after achieving CR/CRi (39.6% vs 10.5%; 1-sided P

 .0 0 01). At long-term follow-up, 2-year OS was increased in the

nO arm (22.8% vs 10%, P = .01) [13] . 

Although development of InO in pediatrics has lagged signif- 

cantly, with the first prospective early phase studies only re- 

orted in abstract form in late 2019, response rates thus far ap-

ear to be similar to those seen in adult trials, with retrospective

nd prospective trials demonstrating response rates of 67% to 80% 

nd MRD-negativity rates of 71% to 79% [ 14 , 15 ]. A phase 2 trial

NCT02981628) by the Children’s Oncology Group (COG) of 48 pa- 

ients with multiply refractory R/R B-ALL found a 58.3% CR/CRi rate

fter cycle 1, with 65.4% of responding patients with MRD < 0.01%. 

himeric antigen receptor (CAR) T cells 

CAR T-cells are modified T cells, typically autologous, that have

een transduced with a viral vector to express a CAR construct,

onsisting of an extracellular antigen binding domain fused to an 

ntracellular signaling domain. Binding of the extracellular domain 

o the target antigen, which is most commonly CD19, leads to T-

ell activation [16] . Numerous CAR T-cell products are currently 

nder investigation for both hematologic and solid malignancies 

nd vary in viral vectors, target antigen, and intracellular costimu- 

atory domain (most commonly CD28 or 4-1BB) and, at the time of

his writing, 3 CAR T-cell products are currently FDA-approved. The 

nly CAR T-cell product that is currently approved for ALL, tisagen-

ecleucel (CTL019, Kymriah, Novartis Inc.), is a CD19-targeting CAR 

ontaining the 4-1BB costimulatory domain [17] and was granted 

DA approval in August 2017 for R/R B-ALL in children and young

dults up to age 25 years. 

In the initial phase 1/2a single institution trial of tisangenle-

leucel a CR rate of 93% was observed in 60 pediatric patients with

ultiply R/R B-ALL, with relapse-free survival (RFS) of 60% and OS
f 79% at 12 months [ 18 , 19 ]. A subsequent phase 2 single-arm,

ulticenter, global registration trial (ELIANA) enrolled 92 heav- 

ly pretreated patients [20] . Seventeen patients were not infused 

ue to CAR T-cell production failure (N = 7) and toxicity or death

N = 10). However, among the 75 treated patients, there were high

ates of MRD-negative CR (81%) as well as 12-month RFS (59%) and

S (76%) [21] . 

Although tisagenlecleucel is the only CAR T product currently 

DA-approved for use in B-ALL, several others CD19-directed CAR 

 products have been studied. Despite variations in the condition- 

ng regimens, patient population, and specific CAR constructs, over- 

ll remission rates have remained very good in all of the reported

rials, with CR rates ranging from 67% to 93% [ 18 , 21-25 ]. For in-

tance, in a phase 1 trial in 45 children and young adults with

/R B-ALL using a CAR construct similar to tisangenlecleucel, 93% 

f treated patients achieved an MRD-negative CR, with 89% MRD- 

egative CR in the intent-to-treat population [22] . Efficacy appears

o be relatively similar among adults with R/R B-ALL treated with

AR T-cells. In the largest trial of CAR T-cell therapy in adults, 45

ut of 53 (85%) patients with R/R B-ALL achieved MRD-negative 

R [24] . Unfortunately, 22 (49%) of the 45 patients who achieved

RD-negative CR relapsed, at a median of 3.5 months (range, 1.1-

7.0 months) after CAR T-cell infusion. At a median follow-up of 29

onths, the median event-free survival was only 6.1 months, with 

 median overall survival of 12.9 months. 

onsiderations in choosing a novel agent 

With all 3 novel agents demonstrating impressive response 

ates, determining the best choice of therapy for patients with R/R

-ALL has become challenging. Outside of a clinical trial, a major

onsideration is the current FDA-approval for these agents. As of 

he time of this writing, blinatumomab has the widest approval, 

ith indications for both pediatric and adult patients with relapsed 

nd MRD-positive B-ALL. However, InO is only approved in adult 

atients with R/R B-ALL, and tisagenlecleucel is only approved for 

atients up to age 25 years of age with refractory B-ALL or in sec-

nd or later relapse. Beyond current FDA-approval, there are nu- 

erous other considerations, such as efficacy and toxicity, as well 

s disease- and patient-specific characteristics, which are outlined 

n Table 1 and described in detail below. 

fficacy 

Although efficacy may, at first glance, seem to be the most im-

ortant consideration in choosing treatment, all 3 of these novel 

gents have impressive response rates in R/R ALL, with significant 

mprovement in outcome as compared to standard of care. Based 

n published trials to date, rates of CR/CRi appear to be higher

ith InO (58%-80%) and CAR T-cells (81%-93%), compared to bli- 

atumomab (36%-44%). However, because of differences in the pa- 

ient populations and eligibility criteria for these trials, the results 

annot be directly compared head to head. For instance, in the

arge phase 3 trial of InO (INO-VATE), patients in 3rd or later sal-

age were excluded [11] . This is in contrast to the phase 3 trial of

linatumomab (TOWER), where nearly one-fourth of patients were 

n 3rd or later salvage [6] . The blinatumomab phase 3 trial also in-

luded fewer patients with late relapse (0% vs 43%) and more pa-

ients with prior stem cell transplant (35% vs 16%), suggesting that

he patients included in the trials of blinatumomab may have been

igher risk and may account for some of the differences in re-

ponse rates. This is further supported by recently published “real 

orld” data from a multicenter retrospective analysis, which found 

imilar rates of CR/CRi with InO and blinatumomab (63% and 65%,

espectively) in adult patients with R/R B-ALL [ 26 , 27 ]. Thus, choice

f 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 CAR T 

FDA approval R/R or MRD + 

B-ALL 

Age: any 

R/R B-ALL 

Age: 18 + years 

R/R B-ALL 

Age: < 25 years 

Efficacy CR: 36-44% 

Median OS: 

6.1-9.8 mo 

MRD-neg: 76% 

CR: 58-80% 

Median OS: 

5.1-7.7 mo 

MRD-neg: 78% 

CR: 81-93% 

Median OS: 

12.9 mo 

MRD-neg: 81% 

Disease burden low low or high ? low 

Toxicity ICANS, CRS 

Risk: disease 

burden 

SOS 

Risk: HSCT 

ICANS, CRS 

Risk: disease 

burden 

Prior/current 

therapy 

T-cell 

dependent 

?loss of CD19 

Not T-cell 

dependent 

Lack/loss of 

CD22 

T-cell 

dependent 

Loss of 

CD19/CD22 

CNS efficacy No No Yes 

Extramedullary 

disease 

?no ? ?yes 

Convenience Continuous IV 

infusion x 4 

weeks 

Short IV 

infusion weekly 

x 3 weeks 

Delays in start 

due to 

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. 
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s there is not sufficient evidence that efficacy of any one agent is

learly superior to another. 

oxicity 

Although generally well-tolerated, the differing toxicities of 

ach agent should be carefully considered. Blinatumomab and

AR T-cell therapy have similar toxicity profiles, mainly consisting

f cytokine release syndrome (CRS) and neurologic toxicity. CRS,

hich results from elevation in inflammatory cytokines, is rela-

ively common with CAR T-cell therapies and perhaps slightly less

ith blinatumomab. Among patients treated with tisagenlecleucel,

7% experienced some degree of CRS, including 25% with grade 4

RS [21] . Despite high rates of CRS in the initial dose-finding tri-

ls of blinatumomab [28] , with current treatment protocols using

ose ramp-up and dexamethasone premedication, rates of CRS are

ignificantly lower, with only 4.9% of patients experiencing any de-

ree of CRS in the large phase 3 TOWER trial [6] . 

Neurologic toxicity is also observed fairly frequently with both

AR T therapy and blinatumomab. In clinical trials of tisagenlecleu-

el, neurotoxicity was reported in 40% to 45% of patients [ 21 , 29 ].

ermed immune effector cell-associated neurotoxicity syndrome 

ICANS), it clinically presents most commonly as encephalopa-

hy, as well as confusion, delirium, hallucinations, aphasia, focal

eficits, tremor, somnolence, and less commonly, seizure [29-31] .

hile not reported with tisagenlecleucel specifically, rare cases

f rapid-onset and lethal diffuse cerebral edema have occurred

n clinical trials of CAR T-cell therapies [ 32 , 33 ]. Unlike CAR T-cell

herapy, no neurotoxicity-related deaths have been observed with

linatumomab, but neurotoxicity remains fairly common, occur- 

ing in 9.4% of patients with R/R disease [6] and up to 53% of pa-

ients receiving blinatumomab for MRD-positive disease, includ- 

ng 13% with grade 3-4 toxicity [34] . IL-6 receptor blockade with

ocilizumab typically results in rapid clinical improvement of CRS

ollowing CAR T-cell therapy [35] but unfortunately does not sig-

ificantly cross the BBB, and patients who have had resolution of

RS after tocilizumab administration can still develop neurotoxicity

36] . Supportive care and corticosteroids are the mainstay of treat-
ent, but whether additional strategies are able to further mitigate

oxicity without affecting efficacy is still under investigation. 

The most common toxicities reported with InO therapy include

yelosuppression, infections, and hepatic toxicity. One of the more

oncerning toxicities, sinusoidal obstruction syndrome (SOS) was 

eported in 23 of the 164 patients (14.0%) in the InO arm and in 3

f the 143 patients (2.1%) in the chemotherapy arm on the phase

 INO-VATE trial [11] . Of note, most of the patients who devel-

ped SOS underwent HSCT either before or after treatment with

nO; the rate of SOS was low (3%) in patients who did not receive

ny prior or subsequent HSCT. Similar to the adult experience, in a

etrospective multicenter pediatric study, among 21 patients who

nderwent allogeneic HSCT following InO, 11 (52%) developed SOS,

ncluding 2 fatalities [15] . 

Not all patients develop SOS following InO, and specific risk fac-

ors have been identified. In the INO-VATE trial, among patients

roceeding to HSCT after InO treatment, the incidence of SOS was

reater in older patients (41% vs 17%) [13] . Multivariate analy-

is found that prior HSCT (odds ratio [OR], 6.02; P = .032), con-

itioning regimens containing dual alkylators (OR 8.61, P = 0.015),

nd last available pre-HSCT bilirubin concentration greater than or

qual to the upper limit of normal (OR, 7.08; P = .011) were asso-

iated with development of SOS. In addition, although not signifi-

ant in multivariate analysis, there was a trend toward higher SOS

ates with increasing number of cycles of InO, with SOS observed

n 42% of patients who received 4 to 6 cycles, compared to 19%

n patients who received 2 cycles. Based on this data, in patients

eemed to be appropriate candidates for InO followed by HSCT,

any institutions limit the number of total cycles of InO to 2 or

ess. Whether this approach sufficiently improves the safety pro-

le in highest risk individuals is still unknown. An ongoing trial is

omparing a lower dose of InO to the FDA-approved dosing to de-

ermine if this mitigates risk of SOS without compromising efficacy

NCT03677596). Currently, there is no known effective prophylaxis

or SOS, although defibrotide and levocarnitine are under investi-

ation (NCT03564678) [37] . Thus, use of InO requires careful con-

ideration of the patient’s risk for SOS and close collaboration with

he HSCT center regarding conditioning regimen, timing to HSCT,

nd vigilance for signs and symptoms of SOS with early interven-

ion. In patients deemed high risk for SOS, alternative treatments,

uch as blinatumomab or CAR T-cell therapy, should be considered.

urden of disease 

One of the many interesting findings that emerged from the

nitial trials of blinatumomab is that the burden of disease was

nversely associated with response to treatment. For instance, in

he phase 3 trial of blinatumomab, a lower percentage of baseline

one marrow blasts was associated with increased CR/CRh (65%

s 34.4% for bone marrow blasts < 50% or ≥50%, respectively) [6] .

he mechanism by which this occurs is unknown, but is thought

o perhaps be related to a decreased effector-to-tar get ratio. The

eed for a low burden of disease for maximal blinatumomab effect

as also been supported by several trials demonstrating higher re-

ponse rates in the setting of MRD (80-88%) [ 34 , 38 ]. compared to

he R/R setting [6] . 

Based on these studies, it has been suggested that it may be

mportant to achieve at least some degree of cytoreduction prior

o introduction of blinatumomab. This strategy was utilized in a

hildren’s Oncology Group (COG) trial AALL1331 (NCT02101853)

n which 208 patients age 1 to 30 years with first relapse of B-

LL first received reinduction chemotherapy and then were sub-

equently randomized to 2 cycles of blinatumomab or intensive

hemotherapy [39] . Among patients who were MRD-positive fol-

owing reinduction chemotherapy, 79% of those treated with blina-
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umomab achieved MRD-negativity (defined as < 0.01%), compared 

o 21% of patients randomized additional cytotoxic chemotherapy. 

Data examining the role of disease burden in response to 

AR T-cell therapy is conflicting. In the initial phase 1/2a trial

f tisagenlecleucel in pediatric patients with multiply R/R B-ALL, 

esponses were observed regardless of marrow disease burden 

 18 , 19 ]. However, in a single institution phase 1 trial of the 19-28z

AR in adult patients, patients with a low disease burden prior

o treatment ( < 5% bone marrow blasts) had significantly longer

vent-free (10.6 vs 5.3 months, P = .01) and overall survival (20.1 vs

2.4 months, P = .02), compared to those with a higher disease bur-

en [24] . Regardless, across all studies and CD19 CAR T-cell prod-

cts, high bone marrow disease burden is associated with an in-

reased risk of severe CRS [40] . In one series, among patients with

0% or greater bone marrow blasts, there was a greater frequency

f CRS (41% vs 5%) and neurotoxicity (59% vs 14%) as compared

o patients with a lower disease burden [24] . In contrast to blina-

umomab and CAR T, the clinical response and toxicity from InO

re not related to degree of disease burden [ 13 , 41 ], making InO an

ttractive choice in patients with significant disease burden. 

ntigen expression 

Although CD19 is ubiquitously expressed in B-ALL, the degree 

f antigen expression varies and may be an important predictor in

esponse to CAR T-cell therapy. In a phase 1 trial of 45 children

nd young adults, bone marrow CD19 antigen load of ≥15% (tumor

lus normal B-cells) was significantly associated with duration of 

-cell aplasia (hazard ratio 2.99, 95% confidence interval 1.32-9.81; 

 < .005), which is in turn correlated with remission duration. In

ddition, the magnitude and peak engraftment of CAR T-cells in 

he peripheral blood was positively correlated with bone marrow 

D19 antigen load in the marrow [18] . Interestingly, CD19 antigen

oad does not appear to be a factor in predicting response to bli-

atumomab [42] and, thus, in patients with lower CD19 antigen

xpression, blinatumomab may be preferred. 

Because blinatumomab and tisagenlecleucel share a common 

ntigen target, selective pressure from prior treatments must also 

e considered. CD19-negative relapse is not uncommon follow- 

ng CAR T-cell therapy, occurring in 15 out of 22 (68%) of pedi-

tric patients who relapsed after CR with tisagenlecleucel [21] , and

5% to 39% of patients who relapse following an MRD-negative 

R [ 22 , 24 ]. This CD19 antigen loss may preclude subsequent ther-

py with other CD19-directed therapies, such as blinatumomab, 

nd thus must be carefully considered when using CD19-directed 

AR T-cell therapies as initial treatment for R/R ALL. Although 

D19-negative relapses are significantly less common with blinatu- 

omab (8%-22%) [ 43 , 44 ], some reports have suggested that prior

linatumomab may impair response to subsequent CD19-directed 

AR T-cell therapy and increase risk of CD19-negative relapse [45] .

owever, a retrospective review of 24 adult patients treated with 

D19 CAR T-cells did not find an effect of prior blinatumomab on

isk of CD19-negative relapse and, in this trial, 4 of 6 patients

ho received prior blinatumomab achieved an MRD-negative CR 

18] , suggesting that blinatumomab does not prevent treatment re- 

ponse. Prospective studies are needed, but given the increasing 

se of blinatumomab in both the frontline and relapse settings, 

his may be a consideration when sequencing CAR T-cell therapy 

nd blinatumomab 

Unlike CD19, not all leukemic blasts express CD22 and only pa-

ients with CD22-positive B-ALL were eligible for inclusion in the 

NO-VATE trial [13] . Thus, InO should only be considered for pa-

ients found to have CD22-expression on leukemic blast cell sur- 

ace, as determined by expert analysis of flow cytometry. How- 

ver, the precise cut-off for minimal CD22 expression is not known. 

n the INO-VATE trial, there was no difference in outcomes be-
ween patients with CD22 expression on < 90% compared to ≥90%

f blasts, but only 5 out of 164 (3%) patients had CD22 expres-

ion of less than 70%, thus limiting the ability to perform robust

ubset analysis of patients with lower level CD22 expression. In 

he COG phase 2 AALL1621 trial, 3 patients had baseline partial

D22 expression (40%, 79% and 83% partial CD22 + populations) 

nd postcycle 1 evaluations revealed emergence of predominantly 

D22 negative populations (6.5%, 34%, and 48% CD22 + , respec-

ively), precluding eradication of minimal residual disease [46] . In 

ddition, low CD22 antigen density was associated with response 

o treatment. Patients with KMT2A- rearrangement (KMT2A-R) are 

ore likely to have partial CD22 expression and lower antigen 

ensity, which may contribute to observed lower response rates in 

his patient subgroup [47] . Further study is needed to determine

inimum necessary levels of CD22 expression, but these findings 

uggest that CD19-directed treatments should instead be consid- 

red for treatment of patients with significant subpopulations of 

D22-negative blasts. 

NS and extramedullary disease 

One significant benefit of CAR T-cell therapy is the ability to

raffic to the CNS, and induce potent and durable responses [48] .

n contrast, neither InO or blinatumomab have CNS penetration. 

n the phase 2 COG trial of single-agent InO in pediatric pa-

ients with multiply R/R B-ALL, of the 28 patients who achieved

R/CRi, 2 patients developed progressive disease in the CNS de- 

pite CR in the bone marrow [49] , highlighting the lack of CNS

enetration of InO and need for concurrent CNS-directed therapy. 

lthough there were initial concerns that CNS-directed therapies 

ay worsen the neurotoxicity observed with blinatumomab [34] , 

ecent studies have demonstrated that CNS prophylaxis can be 

dministered concurrently with blinatumomab without additional 

oxicity [ 8 , 50 ]. Thus, in patients with CNS disease, either CAR T-cell

herapy should be utilized or CNS-directed therapy added to InO or

linatumomab. 

For non-CNS extramedullary disease, there are anecdotal re- 

orts of activity of both CAR T-cells and InO [ 51 , 52 ], but data re-

ains fairly limited. In the phase 1/2 study of InO in adults with

/R ALL, although patients with isolated extramedullary disease 

ere excluded, of the 8 patients with concurrent extramedullary 

isease, 50% had disease regression [53] . In contrast, there is little

ata to suggest that blinatumomab has activity in extramedullary 

isease and, in fact, extramedullary relapse appears to be relatively 

ommon in some series [42] . 

ligibility and need for HSCT 

CD19-targeted CAR T-cell therapy has the most compelling 

ata for durable remissions without subsequent consolidation with 

SCT. In the phase 2 ELIANA trial, among the 65 patients with

R/CRi, only 8 patients underwent HSCT and responses were ongo- 

ng in 29 patients (44.6%) without further therapy, demonstrating 

hat some patients achieved durable remissions without HSCT [20] . 

n a single institution phase 1 trial of 53 adult patients treated

ith 19-28z CAR, among the 32 patients who achieved an MRD-

egative remission, there was no significant difference in EFS or 

S between patients who underwent HSCT and those who did not

 P = .64 and P = .89, respectively) [24] . These results have led to the

ope that CAR T-cell therapy may be used as definitive consolida-

ion without HSCT in some patients. However, further research is 

eeded to identify patients who are likely to achieve long-term re-

ission with CAR T-cell therapy alone, and which patients are at

igher risk of subsequent relapse for whom consolidation with al- 

ogeneic HSCT is warranted. In the initial pediatric phase 1 trial of
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isagenlecleucel, B cell aplasia occurred in all responders, and re-

overy of peripheral B cells, particularly before 6 months from CAR

-cell infusion, was associated with risk of CD19-positive relapse

21] . Thus, one strategy, particularly in the pediatric setting, is to

se CAR T-cell therapy in lieu of HSCT if possible and save HSCT for

hose who have early B cell recovery or subsequent CD19-negative

elapse after CAR T-cell therapy. 

Whether patients achieving CR following blinatumomab ther- 

py require HSCT is less clear. In the original study by Topp

t al, of 11 patients not receiving HSCT, 6 remained in contin-

ed CR at a median follow-up of 31 months [54] . Similarly, in the

arger phase 2 trial, 12 of 36 patients (33.3%) without HSCT were

live in continued CR, compared to the 30 of 74 (40.5%) of pa-

ients who received HSCT [38] . In contrast, despite the high rates

f remission, InO has a short duration of response in most pa-

ients, and therefore is typically used as a bridge to definitive ther-

py, often HSCT. In analysis of pooled data from both the phase

/2 and phase 3 INO-VATE trials [ 11 , 53 ], 2-year OS was 22.8% for

atients receiving InO but increased to 51% among patients pro-

eeding directly to HSCT upon remission [55] . Thus, although pa-

ients receiving CAR T-cell therapy, and potentially blinatumomab,

ay be able to achieve a durable remission without HSCT, pa-

ients likely require HSCT to maintain remission following InO

herapy. 

ogistics/patient preferences 

Of the 3 agents, InO has the most straightforward administra-

ion, with a short weekly outpatient infusion, which may allow

atients the most flexibility with scheduling. Blinatumomab is ad-

inistered continuously over 4 weeks via an infusion pump, which

equires frequent bag changes and continued intravenous access.

his, combined with the short period of hospitalization during the

nitial ramp-up period, may be less convenient for the patient. 

CAR T-cell therapy is arguably the most complex of the 3 thera-

ies, requiring a multistep manufacturing process, which can span

 to 5 weeks. Patients may have difficulty with disease control

hile awaiting manufacturing and suffer severe complications in-

luding infectious death during bridging chemotherapy. In addi-

ion, in some cases manufacturing failure or inadequate peripheral

 cell count or function may result in lack of CAR T-cell product

or infusion. For instance, of the 83 adult patients with R/R B-ALL

nrolled in a large CAR T-cell study, 30 did not receive CAR T-cell

roduct [24] , highlighting the significant issues of manufacturing.

ff-the-shelf allogeneic CAR T-cell products are in development to

ddress some of these issues, but challenges with this approach

nclude risk of graft-versus-host disease and short duration of per-

istence [ 56 , 57 ]. 

uture directions and remaining challenges 

equencing approaches 

Many current approaches utilize several novel agents and se-

uence them in a manner that attempts draw on the relative

trengths of each. For instance, in an ongoing cooperative group

rial, patients with relapsed B-ALL (or older patients with newly

iagnosed B-ALL) will receive one to 2 cycles of InO to decrease

isease burden, followed by blinatumomab to maintain remission

NCT03739814). Given the potential risk of sinusoidal obstruction

yndrome (SOS) with allogeneic HSCT, CAR T-cell therapy may also

ave a role as a definitive treatment following InO. As mentioned

reviously, care must be taken when combining blinatumomab and

D19-directed CAR T-cells, as their common shared antigen may

ecrease response rates when given sequentially. As CD22-directed
AR T-cells become more common, similar issues will likely arise

ith InO. 

ombination with other agents 

Most recently, combination approaches with these novel agents

ave been used in attempt to improve response rates and du-

ation of remissions. Unlike CAR T-cells and blinatumomab, InO

ctivity does not rely on autologous T-cell function for activity,

hich allows for concurrent use with cytotoxic chemotherapy reg-

mens. Several ongoing trials are currently investigating this ap-

roach and early results have been reported. In a single arm phase

 trial, 59 adults with relapsed/refractory ALL were treated with

he mini-hyper-CVD regimen combined with InO [58] . Overall re-

ponse rate (ORR) was 78%, with 59% achieving CR, and post-hoc

nalysis demonstrating superior ORR and OS compared to historic

ontrols. However, 9 patients (15%) developed SOS. Based on the

ates of SOS, both protocols were revised to decrease InO dosing

rom 1.8 mg/m 

2 to 1.3 mg/m 

2 in cycle 1 and from 1.3 mg/m 

2 to 1

g/m 

2 in cycles 2 to 4, with subsequent amendments using a frac-

ionated schedule. Following this amendment, no further cases of

OS were identified. Interestingly, among patients with ALL in first

elapse treated with mini-hyper-CVAD plus InO, with or without

linatumomab, 6 patients (13%) achieved a durable MRD-negative

emission without subsequent HSCT [59] , suggesting this may be

 feasible approach for patients who are not transplant eligible.

rials incorporating fractionated InO dosing regimens and combi-

ations with more intensive chemotherapy backbones (ie, hyper-

VAD) are underway (NCT01371630, NCT03488225, NCT01925131). 

In contrast, because blinatumomab relies on T cell activity,

here is concern that concurrent cytotoxic chemotherapy may

ecrease the efficacy and thus combination strategies with bli-

atumomab have relied on immune modulation. For instance,

reclinical work suggests that PD-1 inhibition may synergize with

linatumomab [60] , and thus ongoing clinical trials are investigat-

ng adding PD-1 inhibition and CTLA-4 blockade to blinatumomab

reatment in patients with relapsed/refractory ALL (NCT02879695)

61] . Rather than combination approaches, strategies to improve

AR T-cell therapy have, in general, focused on intrinsic modi-

cation to the CAR T-cell product. However, some early reports

uggest that checkpoint inhibitors may be effectively and safely

ombined with CAR T-cell therapy to improve efficacy [62] and is

urrently being studied in ongoing trials (NCT00586391). 

emaining challenges 

Despite the impressive progress that these agents have provided

n the treatment of R/R B-ALL, several challenges remain. Certain

isease subsets, such as KMT2A -R B-ALL, appear to have poor re-

ponse even to the novel agents. Among patients treated with

nO, the small subgroup of patients with KMT2A -rearrangement

 KMT2A-R ) were less likely have CD22 expression and had the

owest MRD-negative rate and shortest median progression-free

urvival compared to other cytogenetic subgroups [ 47 , 63 ]. CD19-

argeted treatment of KMT2A -R B-ALL has been reported to induce

ineage switch to acute myeloid leukemia [64-66] . 

In addition, as these agents are increasingly incorporated into

pfront therapy, whether they will retain efficacy in the relapse

etting is unknown. With the recent FDA-approval, blinatumomab

s now becoming standard of care treatment for any patient with

RD-positive B-ALL. Although InO is not approved in the MRD-

etting, a currently ongoing cooperative group trial for adoles-

ents and young adults with newly diagnosed B-cell ALL random-

zes patients to receive InO following induction, in attempt to de-

rease MRD and improve outcomes (NCT03150693). InO is also be-

ng studied in newly diagnosed older adults with B-ALL, either
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n combination with less-intensive chemotherapy [67] or in com- 

ination with blinatumomab, for a “chemotherapy-free” approach 

NCT03739814). An ongoing COG trial is investigating the use of ti-

agenlecleucel in newly diagnosed high risk pediatric and young 

dult patients with MRD-positive B-ALL following consolidation 

herapy (NCT038767690). Depending on the results of these trials, 

t is possible that all 3 of these novel agents will become a stan-

ard of care treatment for newly diagnosed patients, which in turn

ould impact efficacy in the setting of relapse. 

onclusion 

In summary, choosing an treatment approach for a patient with 

/R B-ALL requires consideration of multiple factors and is not a

imple one-size fits all approach. While the approval of these novel

gents has made the past decade and exciting time for the field of

-cell ALL and has dramatically improved the outcomes for these 

atients, now the treatment of R/R B-ALL has become somewhat

f an embarrassment of riches, with many good options available.

hoosing which agent to use, and when, depends on many fac-

ors, including both patient-related and disease-specific considera- 

ions. Future studies will be needed to determine how to best com-

ine and sequence these agents so that the best outcomes can be

chieved. 
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