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abstract

PURPOSE CD19-targeted chimeric antigen receptor T cells (CD19-CAR) and blinatumomab effectively induce
remission in relapsed or refractory B-cell acute lymphoblastic leukemia (ALL) but are also associated with CD19
antigenmodulation. There are limited data regarding the impact of prior blinatumomab exposure on subsequent
CD19-CAR outcomes.

PATIENTS AND METHODS We conducted a multicenter, retrospective review of children and young adults
with relapsed or refractory ALL who received CD19-CAR between 2012 and 2019. Primary objectives addressed
6-month relapse-free survival (RFS) and event-free survival (EFS), stratified by blinatumomab use. Secondary
objectives included comparison of longer-term survival outcomes, complete remission rates, CD19 modulation,
and identification of factors associated with EFS.

RESULTS Of 420 patients (median age, 12.7 years; interquartile range, 7.1-17.5) treated with commercial
tisagenlecleucel or one of three investigational CD19-CAR constructs, 77 (18.3%) received prior blinatumomab.
Blinatumomab-exposed patients more frequently harbored KMT2A rearrangements and underwent a prior
stem-cell transplant than blinatumomab-naı̈ve patients. Among patients evaluable for CD19-CAR response
(n5 412), blinatumomab nonresponders had lower complete remission rates to CD19-CAR (20 of 31, 64.5%)
than blinatumomab responders (39 of 42, 92.9%) or blinatumomab-naive patients (317 of 339, 93.5%),
P, .0001. Following CD19-CAR, blinatumomab nonresponders had worse 6-month EFS (27.3%; 95%CI, 13.6
to 43.0) compared with blinatumomab responders (66.9%; 95% CI, 50.6 to 78.9; P, .0001) or blinatumomab-
naı̈ve patients (72.6%; 95% CI, 67.5 to 77; P , .0001) and worse RFS. High-disease burden independently
associated with inferior EFS. CD19-dim or partial expression (preinfusion) was more frequently seen in
blinatumomab-exposed patients (13.3% v 6.5%; P 5 .06) and associated with lower EFS and RFS.

CONCLUSIONWith the largest series to date in pediatric CD19-CAR, and, to our knowledge, the first to study the impact of
sequential CD19 targeting, we demonstrate that blinatumomab nonresponse and high-disease burden were indepen-
dently associated with worse RFS and EFS, identifying important indicators of long-term outcomes following CD19-CAR.
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INTRODUCTION

CD19-targeted immunotherapies have revolutionized
outcomes for children and young adults with
chemotherapy-refractory or multiply relapsed B-cell
acute lymphoblastic leukemia (B-ALL).1,2 CD19-
directed chimeric antigen receptor T cells (CD19-
CAR), in particular, have produced remarkably high
complete remission (CR) rates of 70%-97%.3-11

These successes led to the approval of tisagenle-
cleucel, a murine-based CD19-CAR, by the US Food
and Drug Administration (FDA) in 2017.12 This

approval added an additional tool to target B-ALL
along with other immunotherapeutic agents such as
the CD3-CD19 bispecific T-cell engager antibody
construct, blinatumomab. As monotherapy, blinatu-
momab has induced CR rates of 34%-69% in adults
and 39% in children.13-17 Blinatumomab is also FDA-
approved for children with relapsed or refractory
B-ALL or for those in CR with minimal residual dis-
ease (MRD) $ 0.1%.18

Despite impressive CR rates with CD19-targeted
therapies, relapse remains a significant challenge.
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In the global registration trial of tisagenlecleucel, among
patients who achieved CR, the 24-month relapse-free
survival (RFS) rate was 62% (95% CI, 47 to 75).3,4 A
common mechanism of relapse after either CD19-CAR or
blinatumomab is target antigen downregulation or
escape.17,19-23 Given the potential for CD19 modulation,
concerns have been raised about increased risk of non-
response or relapse with sequential targeting of CD19. The
global registration trial of tisagenlecleucel, thus, excluded
patients with prior blinatumomab exposure.4 Therefore,
limited data exist regarding the impact of blinatumomab on
subsequent CD19-CAR outcomes. A recent single-center
analysis found that prior blinatumomab did not preclude
CAR response but raised concerns for impact on CD19
expression and risk of antigen-negative relapses. The study
size, however, was insufficient to address impact on sur-
vival outcomes.24

Understanding the impact of sequential CD19 immunother-
apeutic targeting is critical in the current treatment era,
particularly given the commercial availability of blinatumomab
and its incorporation earlier in treatment regimens.25,26 Several
trials have demonstrated that blinatumomab in first relapse is
a more well-tolerated, less toxic, and highly effective regimen
compared with traditional chemotherapy.27,28 Additionally,
pediatric consortia, including the Children’s Oncology Group
(NCT03914625), the International Berlin-Frankfurt-Muenster
Consortium (NCT03643276), and the St Jude Children’s
Research Hospital Consortium (NCT03117751), are testing
blinatumomab with combination chemotherapy in newly di-
agnosed patients. Because of concerns over CD19-negative
escape, relapse risk, and CD19-CAR nonresponse with se-
lective pressure and increasing utilization of both blinatu-
momab and CD19-CAR, we sought to evaluate the
relationships between blinatumomab exposure and subse-
quent CD19-CAR outcomes.

PATIENTS AND METHODS

Study Design and Patient Population

We conducted a retrospective, multicenter study of children
and young adults who received CD19-CAR, either the FDA-
approved commercial product, tisagenlecleucel, or another
murine-based CD19-CAR T-cell therapy available on a clini-
cal trial (NCT01626495, NCT02906371, NCT02028455,
NCT02625480, NCT02435849, and NCT01593696) for
relapsed or refractory B-ALL across seven centers in the
United States. CAR constructs included two CD19/4-1BB
constructs (CTL019/tisagenlecleucel and SCRI-CAR19)
and a CD19/CD28 construct, all of which have been previ-
ously described.4,6,29 Patients were included if they were
age # 25 years at B-ALL diagnosis, had $ 1 disease as-
sessment evaluation after CAR infusion and 30 days of
follow-up, or had an event (nonresponse, disease pro-
gression, or treatment-related mortality) before 30 days.
Patients who received a prior CAR product were excluded.
All patients were infused between January 1, 2012, and
December 31, 2019. Data cutoff was June 1, 2020. The
study was reviewed and approved or considered exempt by
each center’s Institutional Review Board.

Disease Assessment

All disease assessments were conducted per protocol or
institutional practice. The pre-CD19-CAR assessment was
typically performed within 14 days of initiating lymphode-
pleting chemotherapy. First disease assessment post-
CD19-CAR infusion was generally performed 21-28 days
after infusion. Pre-blinatumomab disease assessment
generally occurred within 30 days before blinatumomab
administration. Response criteria were based on stan-
dardized definitions (Data Supplement, online only). MRD
negativity was analyzed by multiparameter flow cytometry
and was defined as, 0.01% of bone marrow mononuclear
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cells consistent with B-ALL. High-disease burden was
defined as $ 5% marrow blasts ($ M2 marrow), and low-
disease burden was defined as , 5% bone marrow blasts,
inclusive of MRD-negative disease. Additional flow
cytometry review was performed by each institutional team
for patients who had (1) prior blinatumomab or (2) concern
for CD19-negative or dim populations on the basis of
descriptive flow cytometry reports at any time point.
Definitions for CD19 surface expression are in the Data
Supplement.

Objectives

The primary objective was to evaluate RFS and event-free
survival (EFS) rates 6 months after CD19-CAR infusion,
stratified by blinatumomab exposure. Secondary objectives
included evaluation of the following: CR rates at first as-
sessment after infusion; EFS, RFS, and overall survival (OS)
rates at 12 and 24 months; and incidence of CD19 modu-
lation, defined as CD19-negative, dim, or partial expression at
post-CAR relapse. Exploratory objectives included analyses of
additional factors associatedwith EFS and outcomes following
consolidative hematopoietic stem-cell transplant (HSCT).

Statistical Analysis

Descriptive statistics were calculated for patient demographic
and disease characteristics. Blinatumomab-exposed pa-
tients (and blinatumomab responders v nonresponders)
were compared with blinatumomab-naı̈ve patients using the
Wilcoxon rank-sum test for continuous variables or Fisher’s
exact test for categorical variables. Time-to-event end points
were estimated by the Kaplan-Meier method, and the two
strata were compared using the log-rank test. RFS was es-
timated for all evaluable patients who achieved a CR after
CD19-CAR and was defined as the time from CR attainment
to relapse, with censoring at last contact or death without
relapse. EFS was defined as the time from CD19-CAR in-
fusion to no response, relapse, or death from any cause.
Patients without one of these events were censored at last
contact. OS was defined as the time from CD19-CAR
infusion to death from any cause or last contact. Cumu-
lative incidence of relapse (CIR) was determined using
death as the competing risk, with Gray’s test to compare
CIR curves. Follow-up was estimated using the reverse
Kaplan-Meier method. Risk factors for EFS were evaluated
for their joint effect using multivariable Cox proportional
hazards analysis. Factors of interest were initially identified
by univariate analysis; factors associated with EFS at P ,
.10 were included in the multivariable model. HSCT out-
comes were defined from day of stem-cell infusion (day 0).

RESULTS

Study Population

Among 420 patients treated with CD19-CAR, 412 (98.1%)
were evaluable for response (Table 1). Eight (1.9%) pa-
tients died before day 28 (Data Supplement). The majority
received a 4-1BB CAR (86.9%, n5 365) and were treated

before 2018 (67.1%, n 5 282), before commercial tisa-
genlecleucel was broadly available (Figs 1A and 1B). The
median age at diagnosis was 7.6 years (interquartile range
[IQR], 3.4-13.8 years) and at CAR infusion was 12.7 years
(IQR, 7.1-17.5 years). Ninety-two (21.9%) patients had
primary refractory disease, 159 (37.9%) had received a
prior HSCT, and 203 (48.3%) had $ M2 marrow pre-CAR
infusion. Additional patient, disease, and treatment char-
acteristics are listed in Table 1.

Blinatumomab Utilization

Seventy-seven of 420 (18.3%) patients received prior
blinatumomab (Table 1). The median time from most
recent blinatumomab administration to CAR infusion was
131 days (range, 39-983 days; Fig 1C). Blinatumomab-
exposed patients were more likely than blinatumomab-
naı̈ve patients to have had a prior HSCT (51.9% v 34.7%;
P 5 .006), were younger at diagnosis (median age 6.9
years v 7.7 years; P 5 .03), and were more likely to have
KMT2A-rearranged (KMT2Ar) B-ALL (14.3% v 6.7%;
P 5 .04). They were less likely to have primary refractory
disease (11.6% v 24.1%; P 5 .01). Forty-three (55.8%)
patients achieved a CR with blinatumomab, with re-
sponse rates varying by pre-blinatumomab disease
burden (Fig 1D). Additional details regarding blinatu-
momab utilization are shown in Figure 1E and the Data
Supplement.

Response to CD19-CAR

Of 412 evaluable patients, 376 (91.3%) achieved a CR, of
whom 364 (96.8%) were MRD-negative by flow cytometry
(Table 2). Summaries of response, relapse, and HSCT in
blinatumomab-exposed patients are in Figure 1E. CR rates
following CD19-CAR were comparable between blinatu-
momab-naı̈ve patients (317 of 339, 93.5%) and
blinatumomab-exposed patients who responded to blina-
tumomab (39 of 42, 92.9%) but worse in blinatumomab-
exposed nonresponders (20 of 31, 64.5%; P , .0001;
Fig 1F). Eleven of 73 (15.1%) blinatumomab-exposed
patients did not achieve a CR with either product.

The CIR was higher among blinatumomab-exposed non-
responders than either blinatumomab-exposed responders
or blinatumomab-naı̈ve patients with a 6-month CIR of
52.4% (95% CI, 28.8 to 71.5), 26.2% (95% CI, 13.4 to
40.9), and 18.6% (95% CI, 14.6 to 23.1), respectively
(Fig 1G).

Survival

With a median follow-up of 30.1 months (IQR, 21.0-
48.1 months), the median EFS, RFS, and OS among all
patients were 20.8 (14.1-28.8), 40.2 (24.9 to non-
estimable), and 49.1 (42 to non-estimable) months, re-
spectively (Table 2, Figs 2A-2C). RFS, EFS, and OS were
shorter in blinatumomab-exposed nonresponders than
blinatumomab-exposed responders or blinatumomab-
naı̈ve patients (Figs 2D-2F). The 6-month RFS for
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TABLE 1. Patient, Disease, and Therapy Characteristics Before CAR T-Cell Infusion
Characteristic All (N 5 420) Blina-exposed (n 5 77) Blina-naive (n 5 343) P

Demographics

Female, No. (%) 156 (37.1) 32 (41.6) 124 (36.1) .43

Median age at B-ALL diagnosis, years (IQR) 7.6 (3.4-13.8) 6.9 (2.1-12.1) 7.7 (3.8-14.0) .03

Median age at CAR infusion, years (IQR) 12.7 (7.1-17.5) 10.1 (5.9-17.9) 12.9 (8.0-17.5) .12

Median age at first Blina infusion, years (IQR) NA 10.0 (5.1-16.7) NA —

Race, No. (%)

White 275 (65.5) 47 (61.0) 228 (66.5) .63

Black 17 (4.0) 1 (1.3) 16 (4.7)

Asian 20 (4.8) 3 (3.9) 17 (5.0)

Others (mixed) or unknown 108 (25.7) 26 (33.8) 82 (23.9)

Ethnicity, No. (%)

Non-Hispanic 255 (60.7) 40 (51.9) 215 (62.7) .32

Hispanic 134 (31.9) 27 (35.1) 107 (31.2)

Unknown 31 (7.4) 10 (13.0) 21 (6.1)

Prior therapy (before CAR T cells)

Primary refractory disease, No. (%) 92 (21.9) 9 (11.6) 83 (24.1) .015

Beyond CR2 107 (25.4) 26 (33.8) 81 (23.6) .08

Beyond CR4 33 (7.9) 7 (9.1) 26 (7.6) .64

Prior HSCT,a No. (%) 159 (37.9) 40 (51.9)b 119 (34.7) .006

Median time from prior HSCT to CAR T-cell infusion, days (IQR) 506 (322-1,272) 335.5 (258.5-657.5) 578 (398-1,347) .0005

Cytogenetics

Normal or ETV6-RUNX1 65 (15.4) 9 (11.7) 56 (16.3) .38

KMT2Ar 34 (8.1) 11 (14.3) 23 (6.7) .04

Ph1 or Ph-like 61 (14.5) 11 (14.3) 50 (14.6) 1

Hypodiploid 12 (2.9) 1 (1.2) 11 (3.2) .70

Disease status pre-CAR, No. (%)

M1 or MRD-negative marrow 217 (51.7) 41 (53.2) 176 (51.3) .80

M2 or M3 marrow 203 (48.3) 36 (46.8) 167 (48.7)

CNS3 4 (0.9) 0 (0) 4 (1.2) 1

Active EM disease 22 (5.2) 7 (9.3) 15 (4.4) .15

Active PB blasts 56 (13.3) 15 (19.5) 41 (12.0) .09

CAR T-cell construct infused,c No. (%)

CD19/4-1BB 277 (66.0) 50 (64.9) 227 (66.2) .15

Tisagenlecleucel 88 (21.0) 21 (27.3) 67 (19.5)

CD19/28z 55 (13.1) 6 (7.8) 49 (14.3)

Year of infusion, No. (%)

2012-2017 282 (67.1) 46 (59.7) 236 (68.8) .14

2018-2019 138 (32.9) 31 (40.3) 107 (31.2)

CD19 antigen expression (pre-CAR),d No. (%)

CD19-positive 382 (90.9) 65 (84.4) 317 (92.4) .06

CD19-dim 29 (6.9) 9 (11.7) 20 (5.8)

CD19 partial 3 (0.7) 1 (1.3) 2 (0.58)

CD19-negative 0 (0) 0 (0) 0 (0) —

Unknown 6 (1.4) 2 (2.6) 4 (1.2) —

NOTE. Bold indicates a significant P value.
Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; Blina, blinatumomab; CAR, chimeric antigen receptor; EM, extramedullary; FDA, US Food and

Drug Administration; HSCT, hematopoietic stem-cell transplant; IQR, interquartile range; KMT2Ar, KMT2A-rearranged; MRD, minimal residual disease
defined as , 0.01% bone marrow blasts by multiparameter flow cytometry; PB, peripheral blood.

aPrior HSCT: 149 had one prior HSCT and 10 patients had two prior HSCTs.
bTwenty-one of 40 patients had HSCT post-Blina pre-CAR.
c4-1BB CAR T-cell constructs comprised either one of two available constructs, including the construct that eventually was FDA-approved; tisagenlecleucel

refers to the commercially available construct.
dCD19 expression captured post-Blina, pre-CAR for the Blina cohort.
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blinatumomab-exposed versus blinatumomab-naı̈ve pa-
tients was 64.1% (95% CI, 50.4 to 74.9) versus 81.1%
(95% CI, 76.3 to 85.0; P 5 .02 overall) and the 6-month
EFS was 49.7% (95% CI, 38.0 to 60.4) versus 72.6% (67.5
to 77.0; P 5 .001 overall) with blinatumomab-exposed
nonresponders experiencing worse outcomes. Outcomes

were similar when restricted to 4-1BB CAR constructs
(Data Supplement).

Additional Factors Associated with EFS

Similar to recent reports,10,30 we also found that high-disease
burden was associated with worse survival (Figs 2G-2I).

Total = 420

41BB (CTL019)

CD28

Tisagenlecleucel

41BB (SCH)

151

5588

126

A

Most Recent Exposure

0

250

500

750

1,000

Ti
m

e 
Si

nc
e 

M
os

t R
ec

en
t 

Bl
in

a 
(d

ay
s)

 

C

All
(N = 420)

CD28
(n = 55)

Tisagenlecleucel
(n = 88)

Research/41BB
(n = 277)

0

20

40

60

80

100

Pa
tie

nt
s 

(%
)

CR rate

Relapse rate

Nonresponse

Blina use

B

G

0.00

0.20

0.40

0.60

0.80

1.00

Time Until Relapse (months)

0 12 24 36 48 60 72 84

Cu
m

ul
at

iv
e 

In
ci

de
nc

e 
of

 
Re

la
ps

e 
Pr

ob
ab

ili
ty

CR to
Blin

a

No C
R to

 B
lin

a

0

20

40

60

80

100

CR
 R

at
e 

(%
)

CR to CAR

No CR to CAR

P = .005

n = 42 n = 31

D

F

Low-Disease Burden
(n = 30)

High-disease Burden
(n = 40)

0

20

40

60

80

100

CR
 R

at
e 

(%
)

CR

No CR

P = .002

E

Blina before CD19-
CAR (n = 77)

CR (n = 43)

HSCT
(n = 18)

CR (n = 16)

NR (n = 2)

No HSCT
(n = 25)

CR (n = 23)

NR (n = 1)

NE (n = 1)

No CR (n = 34)

HSCT
(n = 4)

CR (n = 1)

NR (n = 3)

No HSCT
(n = 30)

CR (n = 19)

NR (n = 8)

NE (n = 3)

Response to
Blina

Response
to CAR

Status of post-Blina
interim HSCT

Blina-No CR

Blina CR

No Blina

FIG 1. Characteristics of blinatumomab-naive and blinatumomab-exposed patients. (A) Distribution of full patient cohort (N5 420) by CD19-CAR construct. (B)
Median and interquartile range of days from most recent blinatumomab exposure to CAR infusion among blinatumomab-exposed patients (n 5 77). (C)
Outcomes of patients by CAR construct. (D) CR rate to blinatumomab on the basis of pre-blinatumomab disease burden (data only available on 70 patients,
missing data for seven patients). Among the low-disease burden patients (n5 30), 11 were in anMRD-negative CR at the time of blinatumomab administration.
(E) Flowchart of blinatumomab-exposed patients (n5 77), including best response to blinatumomab, status of post-blinatumomab interim HSCT, and response
to CAR. (F) CR rates to CD19-CAR among blinatumomab-exposed patients who were evaluable for response (n 5 73), stratified by response to prior bli-
natumomab. (G) CIR, stratified by blinatumomab-naı̈ve (solid line), blinatumomab-exposed prior responders (Blina-CR, dotted line), and blinatumomab-exposed
prior nonresponders (Blina-No CR, dashed line). alloHSCT, allogeneic hematopoietic stem-cell transplant; Blina, blinatumomab; CAR, chimeric antigen receptor;
CIR, cumulative incidence of relapse; CR, complete remission; MRD, minimal residual disease; NE, not evaluable; NR, no response.

936 © 2021 by American Society of Clinical Oncology Volume 40, Issue 9

Myers et al



TABLE 2. CD19-CAR Response and Survival
Outcome All (N 5 420) Blina-No CR (n 5 34) Blina-CR (n 5 43) Blina-naı̈ve (n 5 343) P

Post-CAR responsea

Evaluable for response 412 31 42 339

CR, No. (%) 376 (91.3) 20 (64.5) 39 (92.9) 317 (93.5) , .0001

MRD-negative CR, No. (%) 364 (88.3) 19 (61.3) 39 (92.9) 306 (90.3) , .0001

Nonresponse, No. (%) 36 (8.7) 11 (35.5) 3 (7.1) 22 (6.5) , .0001

CIRb

6 months (95% CI) 21.3 (17.3 to 25.6) 52.4 (28.8 to 71.5) 26.2 (13.4 to 40.9) 18.6 (14.6 to 23.1) .59 (Blina-naı̈ve v Blina-CR)

12 months (95% CI) 31.5 (26.8 to 36.3) 57.7 (32.9 to 76.2) 28.9 (15.4 to 43.9) 30.0 (25.0 to 35.2) .01 (Blina-CR v Blina-No CR)

24 months (95% CI) 42.3 (37.0 to 47.5) 73.8 (46.3 to 88.7) 43.4 (25.8 to 59.8) 40.0 (34.4 to 45.6) .0001 (Blina-naı̈ve v Blina-No CR)

Survival, months

Median follow-up post-CAR, (IQR) 30.1 (21.0 to 48.1) 32.4 (23.7 to 42.9) 24.2 (18.3 to 36.0) 30.8 (22.1 to 48.9) .063

RFS

Median RFS (95% CI) 40.2 (24.9 to NE) 5.6 (2.8 to 13.3) 27.3 (17.8 to NE) 44.9 (28.8 to NE) .70 (Blina-naı̈ve v Blina-CR)

6-month %RFS (95% CI) 78.4 (73.9 to 82.3) 45.4 (23.4 to 65.1) 73.8 (56.8 to 85.0) 81.1 (76.3 to 85.0) .0004 (Blina-CR v Blina-No CR)

12-month %RFS (95% CI) 67.8 (62.7 to 72.4) 39.7 (18.8 to 60.0) 71.1 (53.8 to 82.8) 69.2 (63.7 to 74.1) , .0001 (Blina-naı̈ve v Blina-No CR)

24-month %RFS (95% CI) 56.4 (50.8 to 61.6) 22.7 (7.3 to 43.2) 56.6 (37.9 to 71.6) 58.6 (52.5 to 64.1)

EFS

Median EFS (95% CI) 20.8 (14.1 to 28.8) 2.3 (1.0 to 5.1) 24.8 (6.9 to NE) 24.9 (17.0 to 40.2) .97 (Blina-naı̈ve v Blina-CR)

6-month %EFS (95% CI) 68.4 (63.7 to 72.7) 27.3 (13.6 to 43.0) 66.9 (50.6 to 78.9) 72.6 (67.5 to 77.0) , .0001 (Blina-CR v Blina-No CR)

12-month %EFS (95% CI) 57.7 (52.8 to 62.3) 23.9 (11.1 to 39.4) 64.5 (48.1 to 76.9) 60.2 (54.8 to 65.2) , .0001 (Blina-naı̈ve v Blina-No CR)

24-month %EFS (95% CI) 47.4 (42.3 to 52.3) 13.7 (4.5 to 28.0) 51.3 (34.2 to 66.1) 50.2 (44.6 to 55.6)

OS

Median OS (95% CI) 49.1 (42 to NE) 7.3 (4.0 to 33.2) Not reached 51.9 (42.0 to NE) .59 (Blina-naı̈ve v Blina-CR)

6-month %OS (95% CI) 84.5 (80.7 to 87.6) 58.8 (40.6 to 73.2) 90.6 (76.8 to 96.4) 86.3 (82.2 to 89.5) .01 (Blina-CR v Blina-No CR)

12-month %OS (95% CI) 75.1 (70.6 to 79.0) 42.7 (25.6 to 58.7) 85.5 (70.4 to 93.2) 77.0 (72.1 to 81.1) .0001 (Blina-naı̈ve v Blina-No CR)

24-month %OS (95% CI) 65.1 (60.0 to 69.6) 37.9 (21.0 to 54.8) 76.5 (59.4 to 87.1) 66.3 (60.8 to 71.3)

Abbreviations: CAR, chimeric antigen receptor; CIR, cumulative incidence of relapse; CR, complete remission; EFS, event-free survival; IQR, interquartile range; MRD, minimal residual disease; NE,
nonestimable; OS, overall survival; RFS, relapse-free survival.

aOnly 412 patients were evaluable for response post-CAR T cells, including 339 Blina-naive patients and 73 Blina-exposed patients.
bn for relapse restricted to the number that achieved complete remission; follow-up determined by the reverse Kaplan-Meier method.
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FIG 2. EFS, RFS, and OS. (A-C Kaplan-Meier survival curves for all patients. (A) EFS, defined as the time from CD19-CAR infusion to one of the
following events: no response, relapse, or death. (B) RFS, defined as the time from the first response to relapse or death. (C) OS, (D) EFS, (E) RFS,
and (F) OS, stratified by blinatumomab-naı̈ve patients (No Blina—teal) versus blinatumomab-exposed and achieved CR to Blina (Blina-CR—blue)
versus blinatumomab-exposed and did not achieve a CR to Blina (Blina-No CR—red). P values for EFS curve: .59 (No Blina v Blina-CR); .01 (Blina-
CR vBlina-No CR); .0001 (No Blina vBlina-No CR). P values for RFS curve: .70 (No Blina vBlina-CR); .0004 (Blina-CR vBlina-No CR);, .0001 (No
Blina v Blina-No CR). P values for OS curve: .97 (No Blina v Blina-CR);, .0001 (Blina-CR v Blina-No CR);, .0001 (No Blina v Blina-No CR). (G)
EFS, (H) RFS, and (I) OS, stratified by high-disease burden ($ 5% bone marrow blasts—blue [high]) versus low-disease burden (, 5% bone
marrow blasts—red [low]). (J) EFS, (K) RFS, and (L) OS, restricted to blinatumomab-exposed patients only, stratified (continued on following page)
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Blinatumomab utilization remained an independent factor,
further contributing to the adverse impact of disease burden
on EFS and RFS but not OS (Data Supplement). High-
disease burden pre-CAR further amplified poor outcomes
for blinatumomab-exposed nonresponders (Figs 2J-2L, Data
Supplement). Additional univariate analyses were performed
to evaluate the association of other factors with EFS. Factors
not associated with EFS included sex, ethnicity, race, and
prior HSCT. Factors associated with EFS at P , .1, in ad-
dition to prior blinatumomab and disease burden, included
CAR construct type, cytogenetics, primary refractory dis-
ease, active non-CNS extramedullary disease, and circu-
lating peripheral blood (PB) blasts (Figs 3A-3D).

Collectively, the factors associated with EFS by univari-
ate analysis were included in a Cox multivariable model
(Fig 3E) with exception for cytogenetics (because of multiple
missing values; Data Supplement). The following factors
remained independently associated with worse outcomes:
prior blinatumomab use, high-disease burden, active non-
CNS extramedullary disease, circulating PB blasts, and CAR
construct type (CD28 costimulatory domains were associ-
ated with worse EFS; see the Data Supplement). Patients
with primary refractory disease had marginally favorable
outcomes. In an analysis restricted to 4-1BB CAR con-
structs, prior blinatumomab, high-disease burden, CNS
status, and circulating PB blasts remained in the model.

CD19 Evolution

Among 414 patients with pre-CAR CD19 expression
analysis, CD19-dim or partial expression was more com-
mon in blinatumomab-exposed than blinatumomab-naı̈ve
patients (10 of 75 [13.3%] v 22 of 339 [6.5%]; P 5 .06;
Fig 4). For evaluable patients with robust CD19-positive
expression pre-CAR (n 5 376), CR rates were lower in
blinatumomab-exposed (52 of 63, 82.5%) than blinatumo-
mab-naı̈ve patients (291 of 313, 92.9%; P 5 .01). Among
patients achieving CR, CD19 immunophenotype at subse-
quent relapse did not differ between the two strata (Figs 4A
and 4B). For those with CD19-dim or partial expression, 5 of
8 (62.5%) blinatumomab-exposed patients achieved CR,
compared with 19 of 20 (95.0%) blinatumomab-naive pa-
tients (P 5 .06, Figs 4C and 4D). However, all five
blinatumomab-exposed patients who achieved CR had
subsequent CD19-negative relapse. Among the 28 evaluable
patients with CD19-dim disease pre-CAR, the majority ex-
perienced relapse or nonresponse (17 of 28, 60.7%) with
particularly dismal outcomes in those receiving blinatumo-
mab who became CD19-dim (Data Supplement).

CD19 immunophenotype at relapse varied by disease
burden and time to relapse. A greater proportion of patients

with low-disease burden (38 of 63, 60.3%) were CD19-
positive at relapse than those with high-disease burden (32
of 98, 32.7%; P5 .0006). Late relapses (. 12months after
CAR infusion) were more frequently associated with CD19-
positive relapse than early relapses (, 6 months after in-
fusion) (Figs 4E and 4F).

HSCT Outcomes

A total of 146 patients proceeded to HSCT after CD19-CAR.
Restricting analysis to patients that underwent HSCT within
the first year after CD19-CAR to consolidate a CAR-induced
remission without interval therapy (n 5 92), indications for
HSCT included the following: (1) planned CAR as a bridge
to HSCT (n 5 52, 56.5%), (2) loss of CAR T cells or loss of
B-cell aplasia (n5 39, 42.4%), and (3) myeloid aplasia and
delayed count recovery (n 5 1, 1.1%). Among the 92
patients, 13 had a prior transplant, and only six had re-
ceived blinatumomab. The median time from CAR infusion
to HSCT was 93 days (range, 42-301 days). For con-
solidative HSCT performed for loss of B-cell aplasia, the
median time from CAR infusion to HSCT was 145.5 days
(range, 62-301). The 2-year OS (from HSCT day 0) was
78.3% (95% CI, 67.6 to 85.8); the corresponding 2-year
EFS and RFS were 70.8% (95% CI, 59.5 to 79.5) and
82.6% (95% CI, 71.1 to 89.8), respectively (Data Sup-
plement). Thirteen of 92 (13.4%) patients experienced
post-HSCT relapse, for two of whom this represented re-
lapse following second HSCT.

DISCUSSION

With availability of highly effective CD19-targeted strategies,
the treatment paradigm for B-ALL has shifted dramatically
in recent years. Both blinatumomab and CD19-CAR are
more readily used in patients’ treatment algorithms, par-
ticularly to achieve remission in chemotherapy-refractory
disease. As CD19 targeting continues to be used and
moved into earlier lines of treatment, there is little known
about the impact of sequential CD19-directed immuno-
therapy. With CD19 antigen loss and downregulation as
mechanisms of relapse after either approach,31-34 it is
imperative to understand the intersection and interactions
between various treatment strategies.

Using the largest multicenter retrospective series in pedi-
atric and young adult CAR T-cell therapy to date with
substantial follow-up, we present outcomes across various
CD19-CARs and clearly demonstrate that blinatumomab-
exposed nonresponders have inferior outcomes to either
blinatumomab-naı̈ve patients or those who previously
responded to blinatumomab. Blinatumomab-exposed
nonresponders had lower CR rates and higher relapse

FIG 2. (Continued). by blinatumomab exposure, blinatumomab response, and disease burden (high-disease burden [$ 5%bonemarrow blasts] v low-
disease burden [, 5% bone marrow blasts]). Blina-CR-low—red; Blina-CR-high—blue; Blina-No CR-low—brown; Blina-No CR-high—teal. P value
shown represents the global P value. Blina, blinatumomab; CAR, chimeric antigen receptor; CR, complete remission; EFS, event-free survival; HD, high
disease; high, high-disease burden; LD, low disease; low, low-disease burden; OS, overall survival; RFS, relapse-free survival.
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rates than blinatumomab-naı̈ve patients, leading to inferior
EFS and RFS. This impact was evident even when ac-
counting for disease burden, which we, among others,10,30

demonstrate is highly associated with outcomes. Given the
concern for a direct impact of blinatumomab on CD19
expression,19,21,35 this negative association was hypothe-
sized. However, on the basis of the relatively comparable
outcomes between blinatumomab-exposed responders
and blinatumomab-naı̈ve patients, our results suggest that
emergence of CD19 escape is contributory but not the
primary mechanism of poor outcomes in the blinatumomab-
exposed CD19-CAR patients.

Our data support the notion that blinatumomab may lead to
CD19 downregulation. For patients in whom CD19 ex-
pression diminished or changed following blinatumomab,
the risk of post-CAR relapse with CD19-negative disease
was high. Indeed, blinatumomab-exposed patients with
CD19-dim disease pre-CD19-CAR had the worst outcomes,
albeit represented by a limited sample size. However, for
those with normal CD19 expression pre-CAR, CD19
immunophenotype at relapse and rates of antigen escape
between blinatumomab-naı̈ve and blinatumomab-
exposed patients did not substantially differ. This result
suggests that alternative mechanisms, including intrinsic
T-cell dysfunction, immunotherapy resistance, or the
adverse impact of extensive prior therapy, may contribute
to the poorer outcomes for blinatumomab-exposed pa-
tients, particularly in this very heavily pretreated patient
population.

The CR rate to blinatumomab in our cohort aligned with
published experiences demonstrating that high-disease
burden adversely affected blinatumomab CR rates.17

Moreover, blinatumomab responders had high CR rates
to CD19-CAR (90.6%), in line with CD19-CAR CR rates for
blinatumomab-naive patients. However, the lower CR rates
to CD19-CAR in blinatumomab nonresponders raises the
possibility that blinatumomab nonresponse serves as a
proxy for identifying those with either intrinsic resistance to
CD19 immunotherapeutic targeting or T-cell dysfunction
and/or other high-risk features such as high-disease bur-
den. Indeed, blinatumomab-exposed patients were youn-
ger, more frequently harbored KMT2Ar (who may be
predisposed to antigen modulation following CD19 tar-
geting),22,31 and more frequently received a prior HSCT
compared with blinatumomab-naı̈ve patients. Thus, pa-
tients who require additional therapy following blinatumo-
mab are more likely to be refractory, are predisposed to
worse outcomes, are more likely to relapse, and are ulti-
mately less likely to achieve cure with CD19-CAR alone.

The observation of high-disease burden associating with
CD19-negative relapse, which was also seen in a smaller
cohort,36 is both noteworthy and problematic. Although
factors predisposing high-disease burden patients to CD19
negativity are unknown, it is possible that miniscule pop-
ulations of preexisting CD19-negative disease hiding amid
more prominent CD19-positive populations are undetectable
by standard flow cytometry but emerge only after clearance of
CD19-positive disease, as recently demonstrated by single-
cell analysis.37 Although additional exploration is needed to
fully understand this association, it is clear that high-disease
burden patients are more likely to relapse, relapse early post-
CAR, are less likely to respond to blinatumomab, and also
experience antigen loss, making the curative potential of
CD19-CAR alone further limited in this group.

Since remission durability was shortened in blinatumomab-
exposed patients, post-CAR consolidation with HSCT, es-
pecially in patients with high-disease burden or in those
with less persistent CD19-CAR constructs,9 may be one
approach to prevent relapse. We demonstrated favorable
EFS, RFS, and OS for patients receiving consolidative
HSCT. Although we were unable to address whether
consolidative HSCT could improve outcomes in
blinatumomab-exposed patients given limited numbers
and variable prior HSCT exposure, consolidative HSCT
likely has a role in achieving long-term cure in high-risk
patients and needs to be prospectively studied.

The primary limitation of this study is its retrospective
design, but no prospective trial is planned to address se-
quential CD19 targeting. Additionally, this study contains a
heterogeneous patient population, treated with three dif-
ferent CD19-CAR constructs across seven institutions.
However, by virtue of this large experience, with data from
centers highly experienced in pediatric CD19-CAR and
experts in B-ALL flow cytometry, outcomes were consistent
across CAR constructs, providing generalizability of our
data set. Furthermore, our study has a selection bias for
more refractory patients, by selecting for blinatumomab
nonresponders or multiply relapsed patients who may have
inherent resistance to CD19 targeting, high-disease bur-
den, or both. Finally, and most importantly, our data do not
capture patients who emerge with CD19 escape post-
blinatumomab who could not be referred for CD19-CAR.
Therefore, the actual incidence of CD19 modulation post-
blinatumomab cannot be ascertained from this data set.

Ultimately, our data inform one of the most vexing unan-
swered current questions in the clinical management of
patients with B-ALL, namely, the impact of sequential CD19
targeting strategies. We found that blinatumomab exposure

FIG 4. (Continued). CR. Among patients with CD19 unknown expression, two had prior blinatumomab, three remain in an ongoing remission, three
relapsed with CD19-positive disease [one had prior blinatumomab], one relapsed with CD19-negative disease [n 5 1], and one relapsed with
unknown CD19 expression. One patient was considered nonevaluable for response but emerged with CD19-negative relapse following initial disease
assessment.) Bottom: CD19 expression at relapse. (E) CD19 expression at relapse, stratified by disease burden. (F) CD19 expression at relapse,
stratified by time point of relapse post-CAR infusion. CAR, chimeric antigen receptor; CR, complete remission.
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did not preclude CD19-CAR response. However, blinatu-
momab nonresponders had lower CR rates with subsequent
CD19-CAR and blinatumomab exposure was associated
with lower EFS and RFS, particularly for those with high-
disease burden. Our data shed light on an important new risk
factor for post-CD19-CAR outcomes. Additional studies are
warranted to decipher the mechanisms for blinatumomab
nonresponse and how they may influence CAR T-cell

response, independent of antigen escape. Additionally,
given the preliminary observation that blinatumomab-
exposed patients with CD19-dim disease had poor out-
comes, prospective serial monitoring of CD19 expression
pre- and post-blinatumomab is needed to understand the
impact on future single or sequential multiple antigen-
targeted therapy to capture outcomes of blinatumomab-
exposed patients not referred for CD19-CAR.
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