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KEY PO INT S

l KTE-X19 at 1 3 106

CAR T cells per kg had
high manufacturing
success and
manageable safety
that further improved
with revised AE
management.

l KTE-X19 resulted in
high complete
remission rates and
undetectable residual
disease; median
response duration
(1 3 106 dose) was
18 months.

ZUMA-3 is a phase 1/2 study evaluating KTE-X19, an autologous anti-CD19 chimeric
antigen receptor (CAR) T-cell therapy, in adult relapsed/refractory (R/R) B-cell acute
lymphoblastic leukemia (B-ALL). We report the phase 1 results. After fludarabine-
cyclophosphamide lymphodepletion, patients received a single infusion of KTE-X19 at
23 106, 13 106, or 0.53 106 cells per kg. The rate of dose-limiting toxicities (DLTs) within
28 days after KTE-X19 infusion was the primary end point. KTE-X19 was manufactured for
54 enrolled patients and administered to 45 (median age, 46 years; range, 18-77 years). No
DLTs occurred in the DLT-evaluable cohort. Grade ‡3 cytokine release syndrome (CRS) and
neurologic events (NEs) occurred in 31%and 38%of patients, respectively. To optimize the
risk-benefit ratio, revised adverse event (AE) management for CRS andNEs (earlier steroid
use for NEs and tocilizumab only for CRS) was evaluated at 13 106 cells per kg KTE-X19. In
the 9 patients treated under revised AE management, 33% had grade 3 CRS and 11% had
grade 3 NEs, with no grade 4 or 5 NEs. The overall complete remission rate correlatedwith
CAR T-cell expansion and was 83% in patients treated with 13 106 cells per kg and 69% in
all patients. Minimal residual disease was undetectable in all responding patients. At a
median follow-up of 22.1 months (range, 7.1-36.1 months), the median duration of re-

missionwas 17.6months (95% confidence interval [CI], 5.8-17.6months) in patients treatedwith 13 106 cells per kg and
14.5 months (95% CI, 5.8-18.1 months) in all patients. KTE-X19 treatment provided a high response rate and tolerable
safety in adults with R/R B-ALL. Phase 2 is ongoing at 1 3 106 cells per kg with revised AE management. This trial is
registered at www.clinicaltrials.gov as #NCT02614066.

Introduction
Most adults with B-cell acute lymphoblastic leukemia (B-ALL)
respond to initial therapy, but 40% to 50% eventually relapse,
after which the 5-year overall survival (OS) rate is 10%.1,2

Novel immunotherapeutic agents have improved outcomes
relative to conventional chemotherapy, yet the median

OS in adult relapsed/refractory (R/R) B-ALL is only 6.1 to 7.7

months with blinatumomab3,4 and 7.7 months with inotuzumab

© 2021 by The American Society of Hematology 118 JULY 2021 | VOLUME 138, NUMBER 1blood®

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/138/1/11/1813659/bloodbld2020009098.pdf by guest on 17 M

ay 2024

http://www.clinicaltrials.gov
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2020009098&domain=pdf&date_stamp=2021-07-08


ozogamicin,5 highlighting the need for more effective
treatments.

B-ALL cells typically express CD19, and chimeric antigen re-
ceptor (CAR) T-cell therapies targeting CD19 are a promising
treatment approach in R/R B-ALL.6 An anti-CD19 CAR T-cell
therapy containing a CD3z and CD28 costimulatory domain
developed at the National Cancer Institute7,8 demonstrated an
overall remission rate (ORR) of 70% after a median 10-month
follow-up in a phase 1 trial in children and adults age 30 years or
younger with R/R B-ALL.9 A similar CAR construct evaluated in a
phase 1 trial in adults with R/R B-ALL provided an 83% complete
remission (CR) rate and a median 12.9-month OS at a median
29-month follow-up.10 These studies highlight the therapeutic
activity of anti-CD19 CAR T-cell therapies with a CD3z and CD28
costimulatory domain in adult R/R B-ALL.

The presence of leukemic blasts in peripheral blood may limit
the number of T cells available for manufacturing CAR T-cell
products, potentially leading to manufacturing failure.11 KTE-
X19 is a CAR T-cell product that includes a CD3z and CD28
costimulatory domain and amanufacturing process that removes
malignant cells.11,12 This removal reduces the likelihood of ac-
tivation and exhaustion of anti-CD19 CAR T cells during ex vivo
manufacturing.12 KTE-X19 was manufactured at a centralized
facility, with coordinated leukapheresis and shipping from
multiple centers across the United States and a fast turnaround
time, which are critical for patients with rapidly proliferative
disease and high tumor burden.13,14 Here, we report phase 1
results of the phase 1/2, multicenter, single-arm, open-label
ZUMA-3 study evaluating the safety and efficacy of KTE-X19
in adults with R/R B-ALL.

Methods
Patients
Eligible patients were age $18 with R/R B-ALL, defined as re-
fractory to first-line therapy (ie, primary refractory), relapse
#12 months after first remission, R/R after $2 previous lines of
systemic therapy, or relapsed after allogeneic stem cell trans-
plantation (SCT). Patients were required to have $5% bone
marrow (BM) blasts, an Eastern Cooperative Oncology Group
performance status of 0 or 1, and adequate renal, hepatic, and
cardiac function (supplemental Methods, available on the Blood
Web site). The first 6 patients enrolled were required to have
$25% blasts in their BM. For patients who received previous
treatment with blinatumomab, leukemic blasts with CD19 expression
$90% were required. Patients with Philadelphia chromosome–
positive (Ph1) disease, concomitant extramedullary disease,
central nervous system 2 (CNS-2) disease without neurologic
changes, or Down syndrome were eligible.

Study design and treatment
Phase 1 of ZUMA-3 was conducted at 19 sites in the United
States (supplemental Methods). The Institutional Review Board
at each study site approved the protocol. All patients provided
written informed consent. The study was conducted in accor-
dance with the principles of the Declaration of Helsinki.

The phase 1 objective was to evaluate the safety of KTE-X19 and
determine the optimal phase 2 dose based on the incidence of
dose-limiting toxicities (DLTs) and overall safety profile. DLTs

were defined as KTE-X19–related adverse events (AEs) occurring
within the first 28 days after KTE-X19 infusion, including grade 3
nonhematologic AEs lasting .7 days, grade 4 nonhematologic
AEs regardless of duration except for prespecified expected
events (eg, tumor lysis syndrome), and grade 4 hematologic AEs
lasting .30 days, except lymphopenia (supplemental Table 1).
DLTs were evaluated in the first 3 patients dosed at the starting
dose of 2 3 106 CAR T cells per kg (supplemental Figure 1). A
safety review team (SRT) reviewed safety data after these pa-
tients were observed for 28 days after infusion. On the basis of
the incidence of DLTs, additional patients were enrolled at the
same dose to assess overall safety, but were not evaluable for
DLTs (supplemental Methods). On the basis of SRT review of
overall safety data, subsequent patients received 1 3 106 or
0.5 3 106 CAR T cells per kg. At 0.5 3 106 CAR T cells per kg,
2 formulations were explored (68 or 40 mL). To mitigate risk of
cytokine release syndrome (CRS) and neurologic events (NEs),
AE management guidelines were revised to limit tocilizumab to
the treatment of CRS (and not isolated neurotoxicity) and to
initiate corticosteroid treatment at grade 2 rather than grade 3
NEs (supplemental Table 2). Revised AE management guide-
lines were implemented in additional patients treated with 1 3
106 CAR T cells per kg. The SRT reviewed safety and efficacy data
on an ongoing basis and made recommendations regarding
study conduct and the recommended phase 2 dose according to
the protocol and SRT charter.

Patients underwent leukapheresis at enrollment, and pre-
defined bridging chemotherapy (supplemental Table 3) was
recommended after leukapheresis, particularly for patients
with high disease burden at baseline (.25% leukemic blasts
in BM or $1000 blasts/mm3 in peripheral circulation by local
review), after which a BM aspirate was required by day 24.
After$7 days or 5 half-lives (if shorter) washout from bridging
chemotherapy, patients received a lymphodepleting regimen
of intravenous fludarabine 25 mg/m2 per day on days 24,
23, and 22, and intravenous cyclophosphamide 900 mg/m2

per day on day 22. On day 0, a single KTE-X19 infusion was
administered.

Outcomes and assessments
The primary phase 1 end point was the incidence of DLTs in
DLT-evaluable patients. Secondary end points included
safety, investigator-assessed ORR (CR 1 CR with incomplete
hematologic recovery [CRi]; supplemental Table 4), duration of
remission (DOR), relapse-free survival, OS, and rate of un-
detectable minimal residual disease (MRD) in BM. Levels of
CAR T cells and cytokines in blood were exploratory end points.
AEs, including symptoms of CRS and NEs, were graded per the
Common Terminology Criteria for Adverse Events (version 4.03).
CRS was graded according to the criteria of Lee et al.15 For
patients with extramedullary disease, response was assessed
according to the response criteria for extramedullary and CNS
disease in the revised International Working Group Criteria for
malignant lymphoma (supplemental Table 5).16 Undetectable
MRD, defined as ,1 leukemia cell per 10 000 viable cells, was
centrally assessed using flow cytometry (NeoGenomics, Fort
Myers, FL).17-19 Biomarker analyses were performed on blood
samples to evaluate predictive pharmacokinetics and pharma-
codynamic markers for KTE-X19 as described previously (sup-
plemental Methods).20
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Hospitalization after infusion was required for $7 days. Patients
were evaluated at days 14 and 28 and months 2 and 3 by
physical examinations, vital signs measurements, and neurologic
and laboratory assessments. BM evaluations and response as-
sessments were conducted at days 7 to 14 (optional) and 28 and
months 2 and 3. For patients who underwent SCT after KTE-X19
infusion, BM evaluation was not required during the first
100 days after SCT. Collection and analysis of cerebrospinal fluid
was required to confirm CR for patients with baseline CNS-2
disease. Patients completing assessments at month 3 after
treatment were observed for survival and disease status every
3 months through month 18, every 6 months during months 24
to 60, and annually for up to 15 years. Patients achieving CR
could receive a second KTE-X19 infusion if they progressed
.3 months after treatment, provided CD19 expression was
retained, and neutralizing antibodies against the CAR were not
suspected.

Statistical analysis
The DLT-evaluable cohort included the first 3 patients treated at
the 2 3 106 CAR T cells per kg dose level. Safety and efficacy
analyses included all patients treated with any dose of KTE-X19.
Kaplan-Meier estimates and 2-sided 95% confidence intervals
(CIs) were generated for time-to-event end points. DOR was
defined as time from CR to relapse or death without docu-
mented relapse. The DOR for patients who underwent alloge-
neic SCT while in remission was censored at the date of
transplantation. OS was defined as time from KTE-X19 infusion
to date of death as a result of any cause. Data are presented as
of 1 April 2019. All statistical analyses were done in SAS
(version 9.4).

Results
Patients
Between 9 March 2016 and 12 July 2018, 54 patients were
enrolled and underwent leukapheresis in phase 1 (supplemental
Figure 2). KTE-X19 was successfully manufactured for all 54
patients; 1 patient required 2 leukapheresis procedures, and
1 patient required 3 procedures for product manufacturing. The
median time from leukapheresis to delivery of KTE-X19 to the
study site was 15 days (interquartile range [IQR], 14-16 days) and
from leukapheresis to KTE-X19 infusion was 27 days (IQR, 22-35
days). Five patients discontinued the trial before lymphode-
pletion because of AEs (n 5 3; supplemental Figure 2), with-
drawal of consent (n5 1), or ineligibility after leukapheresis (n5 1).
Four additional patients discontinued after lymphodepletion;
3 received noKTE-X19 because of grade 4 sepsis (n5 1), initiation
of new therapy (n 5 1), or death as a result of grade 5 sepsis
(n 5 1); and one discontinued before infusion because of deep
vein thrombosis (an exclusion criterion) but received KTE-X19
under compassionate use. Forty-five (83%) of 54 patients re-
ceived KTE-X19 at 23 106 (n5 6), 13 106 (n5 23), or 0.53 106

CAR T cells per kg (n 5 16). Nine of 23 patients in the 1 3 106

CAR T cells per kg cohort were treated under revised AE
management guidelines which required earlier use of steroids
for NEs and reserving tocilizumab only for treating CRS. Forty-
four patients received their target dose of KTE-X19; 1 patient
enrolled to receive 1 3 106 CAR T cells per kg with revised AE
management and was treated with 0.53 106 cells per kg but was

included in the analysis at the 1 3 106 dose level (supplemental
Methods).

Themedian age of all treated patients was 46 years (range, 18-77
years), and 67% received $3 previous lines of therapy (Table 1).
Before enrollment, 16 patients (36%) were primary refractory,
13 (29%) relapsed after SCT, and 21 (47%) received previous
blinatumomab. Blinatumomab was the last therapy used before
study entry in 8 patients (18%), only 1 of whom achieved a re-
sponse (CR) to blinatumomab. Forty-three treated patients (96%)
received bridging therapy per protocol. High disease burden
after bridging therapy was confirmed across patients enrolled at
different dose levels and different AE management guidelines.
Although median levels of BM blasts at preconditioning after
bridging therapy seemed higher in patients enrolled at 1 3 106

cells per kg under original vs revised AE management, the
difference was not significant (supplemental Table 6).

Safety
No DLTs were observed among the DLT-evaluable set (n 5 3).
Ninety-eight percent of patients experienced grade $3 AEs

Table 1. Patient baseline characteristics

Characteristic Value

Total no. of patients 45

Median age (range), y 46 (18–77)

Male sex 22 (49)

ECOG performance status
0 15 (33)
1 29 (64)
Missing 1 (2)

Philadelphia chromosome–positive 8 (18)

Extramedullary disease 4 (9)

CNS disease at screening
CNS-1 42 (93)
CNS-2 3 (7)

Previous regimens
1 6 (13)
2 9 (20)

$3 30 (67)

Prior blinatumomab 21 (47)

Prior inotuzumab ozogamicin 6 (13)

Refractory
Primary refractory 16 (36)
First relapse with remission #12 months 2 (4)
R/R after allogeneic SCT 13 (29)

Median percentage of BM blasts (range)
At screening 61 (5-100)
At preconditioning after bridging 70 (0-97)

Data are presented as n (%) unless otherwise specified.

CNS, central nervous system; ECOG, Eastern Cooperative Oncology Group.
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(Table 2). The most common AEs of any grade were pyrexia
(89%), hypotension (69%), diarrhea (42%), and chills (42%).
Common grade$3 AEs ($20% of patients) were pyrexia (42%),
hypotension (40%), decreased platelet count (33%), anemia
(31%), hypophosphatemia (31%), hypoxia (24%), encephalop-
athy (22%), febrile neutropenia (22%), and decreased neutro-
phil count (22%). Serious AEs of any grade occurred in 84% of
patients.

CRS was reported in 42 patients (93%); 14 (31%) experienced
grade $3 CRS (Table 3). Common grade $3 symptoms of CRS
were pyrexia (40%), hypotension (27%), and hypoxia (16%).

Vasopressors were used for the treatment of CRS in 12 patients
(27%). The median time to CRS onset after infusion was 2 days
(IQR, 1-5 days); themedian duration of any grade CRSwas 9 days
(IQR, 7-14 days), and median duration of grade $3 CRS was
4.5 days (IQR, 3.5-9 days). CRS-associated events resolved in all
but the 2 patients who experienced grade 5 KTE-X19–related
AEs. One patient treated with 2 3 106 CAR T cells per kg had
multiorgan failure secondary to CRS (day 6). One patient treated
with 0.5 3 106 cells per kg developed cerebrovascular accident
(stroke) in the context of grade 2 CRS and grade 4 NEs (day 7).
These observations prompted the study of lower doses and the
revision of AE management.

Table 2. AEs

AE

Dose level

All patients (N 5 45)2 3 106 (n 5 6) 1 3 106 (n 5 23) 0.5 3 106 (n 5 16)

Any grade Grade ‡3 Any grade Grade ‡3 Any grade Grade ‡3 Any grade Grade ‡3

Any AE 6 (100) 6 (100) 23 (100) 23 (100) 16 (100) 15 (94) 45 (100) 44 (98)

Pyrexia 6 (100) 3 (50) 22 (96) 11 (48) 12 (75) 5 (31) 40 (89) 19 (42)

Hypotension 5 (83) 3 (50) 17 (74) 11 (48) 9 (56) 4 (25) 31 (69) 18 (40)

Chills 3 (50) 0 13 (57) 0 3 (19) 0 19 (42) 0

Diarrhea 3 (50) 0 10 (43) 1 (4) 6 (38) 0 19 (42) 1 (2)

Headache 1 (17) 0 10 (43) 1 (4) 7 (44) 1 (6) 18 (40) 2 (4)

Anemia 4 (67) 4 (67) 10 (43) 8 (35) 3 (19) 2 (13) 17 (38) 14 (31)

Encephalopathy 4 (67) 2 (33) 11 (48) 6 (26) 2 (13) 2 (13) 17 (38) 10 (22)

Hypophosphatemia 2 (33) 1 (17) 12 (52) 10 (43) 3 (19) 3 (19) 17 (38) 14 (31)

Nausea 1 (17) 0 13 (57) 1 (4) 3 (19) 0 17 (38) 1 (2)

Confusional state 2 (33) 1 (17) 9 (39) 1 (4) 5 (31) 2 (13) 16 (36) 4 (9)

Hypoxia 2 (33) 1 (17) 8 (35) 6 (26) 6 (38) 4 (25) 16 (36) 11 (24)

Decreased platelet count 3 (50) 3 (50) 8 (35) 8 (35) 5 (31) 4 (25) 16 (36) 15 (33)

Constipation 2 (33) 0 10 (43) 0 2 (13) 0 14 (31) 0

Fatigue 1 (17) 0 7 (30) 1 (4) 6 (38) 0 14 (31) 1 (2)

Sinus tachycardia 2 (33) 0 10 (43) 1 (4) 2 (13) 0 14 (31) 1 (2)

Hypokalemia 1 (17) 0 11 (48) 0 1 (6) 0 13 (29) 0

Tachycardia 1 (17) 1 (17) 6 (26) 1 (4) 6 (38) 0 13 (29) 2 (4)

Tremor 1 (17) 0 8 (35) 0 4 (25) 0 13 (29) 0

Decreased appetite 0 0 9 (39) 2 (9) 3 (19) 0 12 (27) 2 (4)

Hyperglycemia 1 (17) 0 6 (26) 0 5 (31) 1 (6) 12 (27) 1 (2)

Hypomagnesemia 2 (33) 0 8 (35) 0 2 (13) 0 12 (27) 0

Hyponatremia 3 (50) 2 (33) 7 (30) 3 (13) 2 (13) 0 12 (27) 5 (11)

Peripheral edema 1 (17) 0 7 (30) 1 (4) 4 (25) 0 12 (27) 1 (2)

Data are presented as n (%). Table includes AEs of any grade occurring in $25% of all patients.
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NEs were reported in 35 patients (78%), and grade $3 events
occurred in 17 (38%; Table 3). Grade $3 NEs that occurred in
$5% of patients were encephalopathy (22%), aphasia (16%), and
confusional state (9%). There were no cases of cerebral edema
and no grade 5NEs. Themedian time to onset of NEs was 6 days
(IQR, 3-8 days) after infusion; the median duration of any grade
NE was 12 days (IQR, 4-26 days), and the median duration of
grade $3 NEs was 9 days (IQR, 4-16 days). NEs resolved in
31 (89%) of 35 patients; 1 patient died as a result of progressive
disease and 3 patients died as a result of AEs considered un-
related to KTE-X19 (sepsis, cerebrovascular accident, herpes
simplex viremia [n 5 1 each]) before NE resolution.

Fifty-three percent of all patients received tocilizumab, and 36%
also received steroids for management of CRS; 31% received
tocilizumab, and 44% received steroids for NEs. Improved

overall safety was observed for the 9 patients treated under
revised AE management guidelines relative to the 14 patients
treated at the same dose (13 106 cells per kg) under the original
guidelines (Table 3). Four (29%) of 14 patients treated at 13 106

CAR T cells per kg under the original guidelines had grade 3 or 4
CRS. With revised AEmanagement, 3 (33%) of 9 patients treated
at 1 3 106 CAR T cells per kg had grade 3 CRS, with no grade 4
CRS reported. These patients also had a median duration of
grade$3 CRS of 4 days (IQR, 2-8 days) vs 7 days (IQR, 3-13 days)
in patients receiving 13 106 CAR T cells per kg under original AE
guidelines, and onset of grade $3 symptoms was 6 days (IQR,
1-10 days) vs 4.5 days (IQR, 2-11 days), respectively. Notably,
9 (64%) of 14 patients in the 13 106 CAR T cells per kg dose cohort
managed with the original guidelines experienced grade 3 to 4
NEs compared with 1 grade 3 and no grade 4 events in 9 patients
receiving the same dose under revised management guidelines

Table 3. CRS and NEs with revised AE management guidelines

AE management and dose level

2 3 106 (n 5 6)
1 3 106 original

(n 5 14)
1 3 106 revised

(n 5 9) 0.5 3 106 (n 5 16)

Steroids
For treatment of CRS 1 (17) 5 (36) 5 (56) 5 (31)
For treatment of NEs 3 (50) 7 (50) 5 (56) 5 (31)

Tocilizumab
For treatment of CRS 1 (17) 9 (64) 9 (100) 5 (31)
For treatment of NEs 4 (67) 5 (36) 4 (44) 1 (6)

Vasopressors for
treatment of CRS

3 (50) 4 (29) 2 (22) 3 (19)

Any grade Grade ‡3 Any grade Grade ‡3 Any grade Grade ‡3 Any grade Grade ‡3

AE
CRS 6 (100) 3 (50) 14 (100) 4 (29) 9 (100) 3 (33) 13 (81) 4 (25)

Pyrexia 6 (100) 3 (50) 12 (86) 5 (36) 9 (100) 6 (67) 10 (77) 5 (31)
Hypotension 4 (67) 3 (50) 11 (79) 6 (43) 6 (67) 3 (33) 8 (62) 3 (19)
Sinus tachycardia 2 (33) 0 6 (43) 0 4 (44) 1 (11) 2 (15) 0
Chills 1 (17) 0 5 (36) 0 4 (44) 0 2 (15) 0
Tachycardia 1 (17) 1 (17) 4 (29) 1 (7) 2 (22) 0 4 (31) 0
Tachypnea 0 0 4 (29) 1 (7) 0 0 0 0
Hypoxia 2 (33) 1 (17) 2 (14) 2 (14) 3 (33) 2 (22) 3 (23) 2 (15)
Nausea 0 0 2 (14) 0 0 0 0 0
Fatigue 0 0 1 (7) 0 3 (33) 0 1 (8) 0
Headache 0 0 1 (7) 0 2 (22) 0 3 (23) 0
Hyponatremia 0 0 1 (7) 0 1 (11) 0 1 (8) 0

Any NE 5 (83) 3 (50) 13 (93) 9 (64) 7 (78) 1 (11) 10 (63) 4 (25)
Confusional state 2 (33) 1 (17) 3 (21) 0 6 (67) 1 (11) 5 (31) 2 (13)
Tremor 1 (17) 0 4 (29) 0 4 (44) 0 4 (25) 0
Aphasia 0 0 6 (43) 4 (29) 2 (22) 1 (11) 2 (13) 2 (13)
Encephalopathy 4 (67) 2 (33) 9 (64) 6 (43) 2 (22) 0 2 (13) 2 (13)
Lethargy 0 0 1 (7) 0 2 (22) 0 2 (13) 0
Mental status changes 0 0 0 0 2 (22) 0 0 0
Agitation 0 0 4 (29) 1 (7) 1 (11) 1 (11) 2 (13) 0
Dysarthria 0 0 1 (7) 1 (7) 1 (11) 0 0 0
Restlessness 0 0 1 (7) 1 (7) 1 (11) 1 (11) 0 0
Seizure 1 (17) 0 2 (14) 2 (14) 1 (11) 0 1 (6) 0
Ataxia 0 0 1 (7) 0 1 (11) 0 0 0

Data are presented as n (%).
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(Table 3). On the basis of the review of all available safety and
efficacy data, the benefit-risk ratio was considered most favor-
able at the dose of 1 3 106 CAR T cells per kg, resulting in this
dose being the recommended phase 2 dose. All phase 2
patients are being treated under revised AE management
guidelines.

Twenty-six treated patients (58%) died as a result of causes that
included disease progression in 19 (42%) and AEs in 7 patients
(16%), including the 2 above-mentioned treatment-related deaths.
The remaining 5 AE-related deaths occurred at a median of
63 days after infusion and were considered unrelated to KTE-
X19. They included sepsis (day 50; day 579), cerebrovascular
accident (day 48), herpes simplex viremia (day 309), and bac-
teremia (day 63).

Efficacy
All 45 treated patients were eligible for efficacy analysis. At a
median follow-up of 22.1 months (range, 7.1-36.1 months), the
ORR was 69%, with 53% of patients achieving CR and 16%
achieving CRi (Table 4). In all enrolled patients (intent-to-treat,
N 5 54), the ORR was 57% (supplemental Table 7). Among the
23 patients treated with 13 106 CAR T cells per kg, the ORR was
83%, with 15 (65%) achieving CR and 4 (17%) achieving CRi. Six
of 9 patients who received revised AE management achieved
CR/CRi (4 CR, 2 CRi). The median time to CR/CRi across dose
levels was 30 days (range, 26-192 days), which included 1 patient
with blast-free hypoplastic or aplastic BM (BFBM) at day 28 who
did not meet CR criteria until month 6. ORR was generally
consistent across key covariates, including refractory patients
(56%), previous transplantation (77%), previous treatment with
blinatumomab (57%) or inotuzumab ozogamicin (50%), and Ph1

disease patients (100%) (supplemental Figure 3). Undetectable
BM MRD was achieved at day 28 in 100% of responders, in-
cluding the 31 patients with CR/CRi, 1 patient with partial re-
sponse, and 1 with BFBM. Residual disease assessment was
unavailable in 1 patient with BFBM. Two of 6 patients who
underwent the optional BM assessment at day 7 to 14 had
undetectable MRD; the 5 patients with data available at day 30
had undetectable MRD.

The median DOR for the 31 patients achieving CR/CRi was
14.5 months (95% CI, 5.8-18.1 months; Figure 1A), and 17.6
months (95% CI, 5.8-17.6 months) in patients treated with 1 3
106 CAR T cells per kg. Median DOR was similar regardless
of censoring for SCT after treatment with KTE-X19 (Figure 1B). As
of the data cutoff, 8 patients (26%) had ongoing CRs, including
2 who received 0.53 106 and 6who received 13 106 CAR T cells
per kg, with a median follow-up of 6.3 months (range, 5.9-18.2
months); 5 of these patients did not receive SCT after treatment
with KTE-X19. A total of 6 patients (2 with CR and 1 with a partial
response treated with 1 3 106 CAR T cells per kg; 3 with CR
treated with 0.5 3 106 cells per kg) underwent SCT at a median
of 2.7 months (range, 1.7-4.3 months) after infusion. As of this
analysis, 3 of these remained in CR (2 treated with 1 3 106 and
1 treated with 0.5 3 106 cells per kg). Across all dose levels, the
median duration of relapse-free survival was 7.3 months (95% CI,
2.7-18.7 months) vs 7.7 months (95% CI, 3.2-18.7 months) in
patients receiving 1 3 106 CAR T cells per kg (Figure 1C). The
median OS was 12.1 months (95% CI, 6.1-19.1 months) across all
dose levels and 16.1 months (95% CI, 10.2 to not estimable) with
1 3 106 CAR T cells per kg (Figure 1D).

As of the data cutoff, 1 patient (2%) withdrew consent, 1 (2%)
was lost to follow-up, and 17 (38%) were alive, including
11 (50%) of 23 patients treated with 1 3 106 cells per kg. Four
patients received a second infusion of KTE-X19; 1 was in CR at
15 months after redosing, 2 had relapsed by the month-3
assessment, and 1 withdrew consent before the first response
assessment.

Clinical pharmacology
CAR T-cell levels measured by CAR gene copies per mg DNA in
blood peaked 7 to 14 days after KTE-X19 infusion for most
patients and remained detectable in 2 of 12 evaluable patients
at 12 months, both of whom were in CR (Figure 2A; supple-
mental Table 8). CAR T cells were undetectable in the 5 pa-
tients with data available at relapse. CAR T-cell expansion was
highest with 1 3 106 CAR T cells per kg and was similar be-
tween patients who received original vs revised AE manage-
ment (Figure 2B; supplemental Figure 4A). Patients achieving
CR/CRi had greater median peak expansion than nonre-
sponders, as did patients with undetectable vs detectable
MRD (Figure 2C-D; supplemental Figure 4B-C). Higher median
peak expansion was also observed in patients with grade$3 vs
those with grade #2 NEs, regardless of dose level, with similar
results observed in patients with grade $3 vs grade #2 CRS
(Figure 2E-F; supplemental Table 9; supplemental Figure 4D-E).
No relationship between median peak expansion by median BM
blast percentage at screening for enrollment or at preconditioning
after bridging therapy was observed in any dose group (sup-
plemental Table 10). In an assessment of the patients in the 1 3
106 CAR T cells per kg dose group by BM blast percentage split
into quartiles, a potential trend toward increased expansion with
higher BM disease burden was observed, but the relationship was
not linear (supplemental Table 10; supplemental Figure 5). Of 13
patients who relapsed, 7 had detectable CD191 cells at relapse
(median, 168 days after infusion [range, 82-348 days after in-
fusion]), 3 had no detectable CD191 cells (median, 178 days after
infusion [range, 95-220 days after infusion]), and 3 had no data
available.

Peak levels of key cytokines, chemokines, and pro-inflammatory
markers occurred by day 7, with some trending higher in pa-
tients dosed with 23 106 compared with 13 106 CAR T cells per
kg (interleukin-15 [IL-15], C-reactive protein [CRP], serum am-
yloid A [SAA], C-X-C motif chemokine ligand 10 [CXCL10],
interferon-g [IFN-g]) or lower in those with revised AE man-
agement vs those with original AE management (IL-6, ferritin,
IL-1RA, IFN-g, IL-8, CXCL10, monocyte chemoattractant
protein-1 [MCP-1]) (Figure 3; supplemental Table 11). Although
peak IL-15 serum levels were surprisingly lower in patients with
grade $3 CRS, median peak levels of several biomarkers
trended higher in patients with grade $3 CRS and those with
grade $3 NEs (IFN-g, IL-8, granulocyte-macrophage colony-
stimulating factor [GM-CSF], IL-1RA, granzyme B; supplemental
Table 12).

Four patients tested positive for anti-CAR antibodies during
screening assays, but all were negative in confirmatory assays
at leukapheresis. Characteristics of manufactured CAR T-cell
products were as anticipated and as previously reported (sup-
plemental Table 13).

SHAH et al16 JULY 2021 | VOLUME , NUMBER 1138blood® 8

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/138/1/11/1813659/bloodbld2020009098.pdf by guest on 17 M

ay 2024



Discussion
ZUMA-3 is the first multicenter study evaluating CAR T-cell
therapy in adult R/R B-ALL to complete phase 1. In phase 1,
no protocol-defined DLTs were observed with KTE-X19, and the
AEs reported were consistent with those in previous studies of
anti-CD19 CAR T-cell therapies.21,22 The overall safety obser-
vations prompted the evaluation of lower doses and imple-
mentation of revised AE management guidelines. The 1 3 106

CAR T cells per kg dose coupled with revised AE management
guidelines had the most favorable risk-benefit ratio without
compromising activity. Although patients had high disease
burden and were heavily pretreated, high rates of remission and
undetectable BM MRD were achieved, particularly in those
treated at the 1 3 106 dose level; the ORR was 83%, including
65%CR and 17%CRi, all of whomhad undetectableMRD. Based
on these results demonstrating that KTE-X19 is safe and has
promising efficacy, the 1 3 106 CAR T cells per kg dose was
chosen for further evaluation in phase 2 of ZUMA-3.

Use of anti-CD19 CAR T cells to treat adult R/R B-ALL has proven
difficult owing to the highly proliferative nature of B-ALL and the
inability of patients to tolerate treatment-related AEs. A previous
CAR T-cell trial in this population was closed early because of
fatal NEs, including 5 cases of cerebral edema.23 Under the
original AE management guidelines in ZUMA-3, 2 patients died
as a result of grade 5 AEs considered related to KTE-X19 either
secondary to CRS or in the context of CRS and NEs outside the
DLT-assessment time frame. In addition to evaluating multiple
doses to identify the dose with the most manageable toxicities,
revised AE management guidelines requiring earlier steroid
administration for neurotoxicity and the use of tocilizumab only
for CRS were implemented in 9 patients enrolled at the 1 3 106

CAR T cells per kg dose level. This resulted in a shorter duration
of CRS events and lower incidence, severity, and duration of NEs
compared with 14 patients treated at the same dose under the
original guidelines.

At a median follow-up of 22.1 months, 26% of patients were in
ongoing CR, most of whom received 1 3 106 CAR T cells per kg

(32% ongoing CR/CRi). Responses tended to occur early after
treatment. Most occurred within the first month, although 1
patient with extramedullary disease achieved CR at month 6.
High response rates were observed across all prespecified
subgroups, including a 100% CR rate in patients with Ph1 dis-
ease. Response (CR/CRi) was associated with higher expansion
of CAR T cells measured within 2 weeks after treatment. Simi-
larly, in a single-center, phase 1 study using an anti-CD19 CAR
T-cell therapy also containing a CD3z and CD28 costimulatory
domain,10 the overall CR rate was 83%; however, at the time of
infusion, 51% of treated patients had$5% blasts in the BM, 28%
hadMRD, and 11% had undetectable MRD. Nevertheless, those
trial results largely paralleled the results of this study, further
supporting the potential utility of anti-CD19 CAR T-cell therapies
using a CD3z and CD28 costimulatory domain in adult R/R
B-ALL.

Evaluation of cellular products with CD28 vs 4-1BB costimulatory
domains in adult R/R B-ALL is ongoing, although interpretation
of findings is challenging because of differences in patient
populations across trials and the lack of head-to-head data.
Tisagenlecleucel, an anti-CD19 CAR T-cell therapy containing a
CD3z T-cell activation domain and a 4-1BB costimulatory do-
main is approved for the treatment of R/R B-ALL in children and
young adults (age 25 years or younger).22,24 However, the dosing
regimen for tisagenlecleucel used in younger patients resulted in
substantial toxicity and CRS-related deaths in adults with R/R
B-ALL.25 In a single-center study in adult R/R B-ALL across 2
clinical trials, administering tisagenlecleucel in dose fractions
resulted in manageable CRS and a 90% CR rate.25 Another
single-center study evaluating 4-1BB CAR T cells in a series of
adults with B-ALL reported high rates of severe toxicities that
were mitigated with risk-stratified dosing.26 Similar to obser-
vations in the ZUMA-3 trial, optimized dosing and toxicity
management strategies may enable patients vulnerable to life-
threatening treatment-related toxicities to benefit from CAR
T-cell therapy.

Preclinical and clinical studies have suggested longer CAR T-cell
persistencewith 4-1BB signaling than that with CD28 in B-ALL.25,27,28

Table 4. Response to KTE-X19

Response category

Dose level

Total (N 5 45)2 3 106 (n 5 6) 1 3 106 (n 5 23) 0.5 3 106 (n 5 16)

CR 4 (67) 19 (83) 8 (50) 31 (69)
CR 3 (50) 15 (65) 6 (38) 24 (53)
CRi 1 (17) 4 (17) 2 (13) 7 (16)

BFBM 0 1 (4) 1 (6) 2 (4)

Partial remission 0 1 (4)* 0 1 (2)

No response 1 (17) 2 (9) 6 (38) 9 (20)

Unknown or not evaluable 1 (17)† 0 1 (6)‡ 2 (4)

Data are presented as n (%).

*Patient had extramedullary disease at response assessment. Of the 3 other patients with extramedullary disease, 2 achieved a CR, and 1 had stable disease (no response); all had
extramedullary disease present at response assessment.

†Patient died on day 6 as a result of multiorgan failure secondary to CRS.

‡Patient died on day 7 as a result of cerebrovascular accident (stroke) in the context of CRS and neurologic events.
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Figure 1. DOR, relapse-free survival (RFS), andOS by dose level. (A-B) Kaplan-Meier curves of DOR in patients achieving CR/CRi censored at SCT (A) or not censored at SCT
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Although hypothesized to allow for extended antitumor sur-
veillance in the absence of SCT, more than one-third of adult
patients with B-ALL who achieved CR with tisagenlecleucel
underwent subsequent SCT in the single-center study mentioned

previously.25,28 Although survival was improved with SCT con-
solidation after treatment with tisagenlecleucel in that study, a
similar benefit has not been observed with CD28-based CAR
T cells in adult patients.10,25 Additional studies that directly
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compare the impact of 4-1BB vs CD28 costimulation for anti-
CD19 CAR T-cell therapy are needed to assess the impact on
CAR T-cell persistence and long-term outcomes in R/R adult
B-ALL.

Despite differences in trial designs, patient populations, and OS
methodology, the median OS with 13 106 CAR T cells per kg in
this study was 16.1 months, whereas the median OS previously
reported with blinatumomab, which also targets CD19, was 6.1
to 7.7 months in adult R/R B-ALL.3,4 Of 10 patients evaluable for
CD19 blast expression at relapse, 3 showed lack of CD19 ex-
pression, reminiscent of other reports that attributed target loss

to selection of exon splice variants and mutations.29 In the
ZUMA-3 trial, only 1 (13%) of 8 patients with blinatumomab as
last previous therapy responded to blinatumomab. Through
ex vivo activation and expansion of large numbers of biologically
active T cells redirected to CD19, CAR T-cell therapy may
overcome a suboptimal state of the immune system and primary
or secondary treatment resistance to bispecific engagers, as
supported by this study. Of the 21 patients with previous
treatment with blinatumomab in any line, 12 (57%) achieved
CR/CRi after therapy with KTE-X19. As previously reported,30

responses to KTE-X19 were similar regardless of previous blina-
tumomab exposure in patients with continued CD19 positivity.
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Overall, 6 patients achieving CR underwent SCT and were
censored at the time of SCT; 3 remain in remission.

Adults with R/R B-ALL achieved high rates of CR and un-
detectable BM MRD with a tolerable safety profile after treat-
ment with KTE-X19. The successful manufacture for all enrolled
patients and the relatively rapid turnaround time support the
feasibility of providing this cellular therapy to patients with
rapidly progressing disease who need prompt treatment. By
carefully evaluating a range of doses and adopting safety
strategies, including use of tocilizumab or steroids and condi-
tions under which they should be administered to manage AEs,
we were able to transition the study from phase 1 to an in-
ternational phase 2 study. Phase 2 of ZUMA-3 is ongoing at the
1 3 106 CAR T cells per kg dose with revised AE management
guidelines.
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