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KEY PO INT S

l Wepresent results of a
clinical trial that show
the safety of CD19-
specific CAR T-cell
therapy for R/R B-ALL.

l Conditioning
chemotherapy dose
intensity and minimal
pretreatment disease
burden positively
impact response
without increase in
toxicity.

Chimeric antigen receptor (CAR) T cells have demonstrated clinical benefit in patients with
relapsed/refractory (R/R) B-cell acute lymphoblastic leukemia (B-ALL). We undertook a
multicenter clinical trial to determine toxicity, feasibility, and response for this therapy. A
total of 25 pediatric/young adult patients (age, 1-22.5 years) with R/R B-ALL were treated
with 19-28z CAR T cells. Conditioning chemotherapy included high-dose (3 g/m2) cyclo-
phosphamide (HD-Cy) for 17 patients and low-dose (£1.5 g/m2) cyclophosphamide (LD-Cy)
for 8 patients. Fifteen patients had pretreatment minimal residual disease (MRD; <5%
blasts in bonemarrow), and 10 patients had pretreatmentmorphologic evidence of disease
(‡5% blasts in bone marrow). All toxicities were reversible, including severe cytokine
release syndrome in 16% (4 of 25) and severe neurotoxicity in 28% (7 of 25) of patients.
Treated patients were assessed for response, and, among the evaluable patients (n5 24),
response and peak CAR T-cell expansion were superior in the HD-Cy/MRD cohorts, as
compared with the LD-Cy/morphologic cohorts without an increase in toxicity. Our data
support the safety of CD19-specific CAR T-cell therapy for R/R B-ALL. Our data also suggest

that dose intensity of conditioning chemotherapy and minimal pretreatment disease burden have a positive impact on
response without a negative effect on toxicity. This trial was registered at www.clinicaltrials.gov as #NCT01860937.
(Blood. 2019;134(26):2361-2368)

Introduction
Acute lymphoblastic leukemia (ALL) is the most common
malignancy occurring in children.1 The implementation of
risk-adapted multiagent chemotherapy has increased survival
for pediatric patients with B-cell ALL (B-ALL) to $90%.2,3

Despite this achievement, the need for prolonged treatment
and the development of short- and long-term side effects
complicate current therapy.3 However, the outcome for pe-
diatric/young adult patients with relapsed or refractory (R/R)
B-ALL remains dismal.4-6 Most notable is the poor progno-
sis of patients who relapse after an allogeneic hematopoi-
etic stem cell transplant (allo-HSCT), experience an early
bone marrow (BM) relapse (,18 months from time of ini-
tial complete remission), have $2 BM relapses, or respond
poorly after reinduction chemotherapy.4-6 Improved ther-
apy for patients with R/R B-ALL is an unmet need and requires
the investigation of novel therapies to increase current sur-
vival rates.

Chimeric antigen receptors (CARs) combine antigen recognition
(typically through a single-chain variable fragment of a mono-
clonal antibody) coupled to an intracellular activation signal
domain(s) of immune effectors such as T cells.7 The clinical
benefit of CD19-specific CAR T cells in both R/R B-ALL and R/R
non–Hodgkin lymphoma (NHL) has now been reported by
several groups, leading to approval by the US Food and Drug
Administration (FDA) of CD19-specific CAR T cells for treatment
of these diseases.8-14 In these reports, factors correlating with
response have included postinfusion CAR T-cell expansion
and the addition of fludarabine to cyclophosphamide-based
conditioning chemotherapy.9-13 Herein, we report the results of
our multicenter clinical trial detailing toxicity, feasibility, and
response, using a Memorial Sloan Kettering Cancer Center
(MSKCC)–derived, CD28-containing, second-generation, CD19-
specific CAR that has shown clinical impact in adult patients
with R/R B-ALL, but has not been demonstrated in a cohort of
pediatric/young adult patients with R/R B-ALL.8,13
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Patients and methods
Trial design and oversight
We conducted a phase 1 clinical study of CD19-specific CAR
T cells in pediatric/young adult patients with R/R CD191 B-cell
ALL. The study was conducted in the Departments of Pediatrics
at MSKCC and the Dana-Farber Cancer Institute (DFCI)/Boston
Children’s Hospital Cancer and Blood Disorders Center. The
protocol was approved by the respective institutional review
boards. All clinical investigation was conducted according
to the principles of the Declaration of Helsinki. Informed con-
sent was obtained from all study participants or their legal
guardians. Patients received CAR T-cell infusion fromMay 2013
through February 2017. Data cutoff for evaluation of outcome
was 1 April 2019. The primary objective of the study was to
assess the safety of CD19-specific CAR T cells; the secondary
objectives were to assess the persistence of CAR T cells after
infusion, including B-cell aplasia. The response was evalu-
ated after infusion, including predictors of response for all
patients.

Eligibility for T-cell collection (apheresis) included patients
,26 years of age with very-high-risk B-ALL (including Na-
tional Cancer Institute [NCI] HR-ALL and age $13 years
at diagnosis, CNS-3 leukemia at diagnosis, day 29/end of
induction BM minimal residual disease [MRD] .0.01%, in-
duction failure [M3 BM at day 29 or end of induction], hy-
podiploidy [n, 44 chromosomes and/or a DNA index,0.81],
t(9;22) ALL (Philadelphia chromosome/Ph1ALL) or Ph-like ALL
t(17;19), MLL gene rearrangement, IKZF1 deletions, and
intrachromosomal amplification of chromosome 21) and first
or subsequent marrow relapse or refractory disease. Apher-
esis products collected at the participating cancer center
(DFCI) were transported overnight to MSKCC by a temperature-
controlled (4°C) method after addition of HypoThermosol
FRS (BioLife Solutions, Bothell, WA) at a 1:1 ratio. After
leukapheresis, patients received interim/bridging therapy at
the discretion of their treating physician. CD19-specific CAR
T cells were transduced, formulated, and released, as pre-
viously described.15,16 We used a CD28-containing, second-
generation CAR (termed 19-28z), as described previously.17

Patients qualified for infusion of 19-28z CAR T cells if they met 1
of the following criteria: $2 relapse, early (,18 months from
initial complete response [CR]) BM relapse, intermediate/late
relapse (first CR .18 months) with poor response (M2 marrow)
after reinduction therapy, refractory disease, or ineligibility for
allo-HSCT or additional chemotherapy (futility), per the treating
physician. All patients treated had evidence of CD191disease by
morphology and/or flow cytometry, immediately before con-
ditioning chemotherapy and CAR T cells.

Conditioning chemotherapy was administered 2 to 7 days
before 19-28z CAR infusion. For the conduct of this study, we
defined high-dose cyclophosphamide (HD-Cy) as a total dose
of 3 g/m2 (given as a single dose or split over 2 days) and low-
dose cyclophosphamide (LD-Cy) as a total dose of #1.5 g/m2

(given on a single day), which was adopted from MSKCC cy-
clophosphamide guidelines. After conditioning chemother-
apy, all patients received the protocol-specified dose of 19-28z
CAR T cells based on pretreatment disease burden, as pre-
viously described.13

Toxicity assessment
Cytokine release syndrome (CRS) was graded according to the
NCI consensus CRS grading system, as previously described,18

and according to the American Society for Transplantation and
Cellular Therapy (ASTCT) consensus CRS grading.19 Severe CRS
was defined as grade 3 CRS or higher. Neurotoxicity was assessed
according to NCI Common Terminology Criteria for Adverse
Events (CTCAE), v4.03. Severe neurotoxicity was defined as any
seizure or as grade 3 or higher toxicity of the nervous system.
Adverse events were captured for all treated patients until disease
relapse, administration of alternative therapy, or death.

Response assessment
Complete remission (CR) was defined as #5% BM blasts by
morphology in the setting of a neutrophil count of $0.5 K/mL,
platelet count of $75000/mL, and no evidence of extramedul-
lary disease. Complete remission with incomplete count recovery
(CRi) was defined as CR in the setting of a neutrophil count of
,0.5 K/mL or a platelet count of,75000/mL without evidence of
extramedullary disease. A negative status for MRD from BM
samples was defined as ,0.01% abnormal B cells (aberrant
immunophenotypes) assessed by multiparameter flow cytometry
performed atMSKCC for all study participants.20 Relapse disease
was defined as patients who met the above criteria for CR/CRi
with subsequent development of recurrent morphologic BM or
extramedullary disease.

Assessment of 19-28z CAR T-cell expansion
The presence of 19-28z CAR T cells was detected by polymerase
chain reaction from peripheral blood, as previously described.8,16

In brief, DNA was extracted from whole blood, and 200 ng was
used in duplicate to amplify the vector and albumin gene. The
results were converted to vector copy number (VCN) per milliliter,
based on white blood cell counts.

Assessment of cytokine production and
C-reactive protein
Measurement of serum cytokines was performed using the
Luminex IS100 system and serum C-reactive protein level, as
previously described.8

Statistical analysis
Fisher’s exact test was used to evaluate the association between
the end points (complete response, CRS, and neurologic toxicity)
and discrete clinical factors: cyclophosphamide dose, fludarabine
treatment, pretreatment disease burden, and target dose of CAR
T cells. For the continuous clinical factors (total T-cell dose and
ex vivo expansion), the Wald test from the logistic regression
model was applied when the end point was complete response,
and the Wald test from the ordinal regression model was used
when the end points were CRS and neurologic toxicity. The
Wilcoxon rank sum statistic was used to evaluate all other com-
parisons. All analyses were considered exploratory, and no ad-
justment for multiple comparisons was used.

Results
Patients
Between 27 May 2013 and 1 January 2017, 49 pediatric/young
adult patients with relapse/ B-ALL were enrolled in the protocol,
and 23 patients with R/R B-ALL were treated with 19-28z
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CAR T cells. DFCI enrolled 11 patients and treated 4. Before
April 2014, patients with R/R B-ALL after allo-HSCT were ex-
cluded from enrollment in the protocol. After that date, the
protocol was amended to allow patients with relapse after allo-
HSCT. Two patients (included in this analysis) with relapsed
B-ALL after allo-HSCT were treated on a compassionate basis
with FDA approval before this protocol amendment. Figure 1
shows a detailed flow diagram of all participants’ study course,
and supplemental Figure 1 (available on the Blood Web site)
shows the detailed evolution of this trial with respect to cyclo-
phosphamide dosing and CAR T-cell dosing.

Baseline characteristics of patients who received treatment with
CD19-specific CAR T cells are shown in Table 1. High-risk features
were found in 76% (19 of 25) of patients treated. Treatment with
CAR T cells occurred for 47% (23 of 49) of the enrolled patients.
One patient received CD19-targeted immunotherapy (denin-
tuzumab mafodotin) before collection and treatment with CAR
T cells. As noted, patients received interim/bridging therapy after
leukapheresis at the discretion of their treating physician. Treat-
mentwith CART cells was not offered to any patientwho achieved
MRD2 CR after bridging chemotherapy (chemotherapy-sensitive
disease; n5 17) including those patients with manufactured CAR
T cells (n55). Bridging therapy for thosewho receivedCAR T cells
included high-intensity chemotherapy (n5 21; clofarabine-based
[n5 5], high-dose cytarabine-based [n5 7], multiagent induction/
consolidation [n 5 7], cyclophosphamide/etoposide [n 5 2]) or
low-intensity chemotherapy (n 5 4; vincristine/prednisone/PEG-
asparaginase [n5 2], vincristine/prednisone/etoposide [n5 1], or
single-agent etoposide [n 5 1]). All patients had detectable BM
disease before initiation of treatment (conditioning chemotherapy
and CAR T cells).

Seventeen patients received HD-Cy (3 g/m2), and 8 patients
received LD-Cy (#1.5 g/m2). Fludarabine (25 mg/m2 per day for
3 days) was also used in 6 patients (3 in the LD-Cy arm and 3 in
the HD-Cy arm). Dose intensification of preconditioning che-
motherapy using cyclophosphamide (HD-Cy) was used in all
patients in the study after review of superior response rates in

Leukapheresis completed
(n=48)

Leukapheresis not obtained (n=1)
- Low ALC counts (n=1)  

Cells generated
(n=32)

CAR T cells not generated (n=16)
- No evidence of disease (n=12)
- Insufficient T cells collected (n=2)
- Withdrew consent (n=2)

Enrolled (n=49)

Cell Infused
(n=23)

CAR T cells not infused (n=9)
- No evidence of disease (n=5)
- Not eligible for treatment due to infection (n=4)

Included in Study Analysis
(n=25) 

Treated under 
Compassionate Use (n=2)

Figure 1. Study flow. Study course for participants from the time of enrollment to treatment.

Table 1. Baseline characteristics

Characteristic Patients (n 5 25)

Age, median (range), y 13.5 (1-22.5)

Risk category, n (%)
Relapse following allo-HSCT 5 (20)
Early BM relapse (,18 mo) 7 (28)
Intermediate BM relapse (18-36 mo) 2 (8)
Late BM relapse (. 36 mo) 4 (16)
$2 BM relapse 1 (4)
Refractory 2 (8)
Poor response, with salvage chemotherapy 4 (16)

BM blasts, median (range), % 4 (1-98)
Distribution

,5% (pretreatment MRD cohort) 15 (60%)
$5% (pretreatment morphologic cohort) 10 (40%)

Dose intensity of conditioning
chemotherapy, n (%)
HD-Cy 17 (68)
LD-Cy 8 (32)

Characteristics of patients who underwent treatment with CD19-specific CAR T cells.
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a concurrent study of adult patients with R/R B-ALL (www.
clinicaltrails.gov #NCT01044069) who received HD-Cy and 19-
28z CAR T cells compared with the suboptimal response rates
in the initial 8 patients treated with LD-Cy (supplemental
Figure 1).8 Fifteen patients had pretreatment MRD (,5% blasts
in BM), and 10 patients had pretreatment morphologic evidence
of disease ($5% blasts in BM), as assessed by BMmorphology or
flow cytometry before conditioning chemotherapy.

CAR T-cell manufacturing
Eligibility criteria for the study did not exclude patients based on
absolute lymphocyte count (ALC), circulating blasts, or predefined
T-cell proliferation assay during CAR T-cell manufacturing. Me-
dian ALC or peripheral blood CD31 count at the time of leuka-
pheresis was 0.9 K/mL (range, 0.2–2.7 K/mL; n 5 42). A sufficient
number of T cells was not collected from 2 patients (precollection
ALC, 1 K/mL and 0.2 K/mL; 1.4 3 106 and 10.43 106 total T cells
collected, respectively), and theywere removed from the study, as
CAR T-cell manufacturing was not feasible with this starting
number of T cells (Figure 1). Production was not initiated for an
additional 14 patients (12 achieved MRD2 CR after reinduction
chemotherapy, and 2 patients withdrew consent; Figure 1). One
patient’s apheresis was delayed by the treating physician’s

preference; this patient ultimately achieved a CR after chemo-
therapy, and collection was permanently suspended.

In this heavily pretreated patient population, the protocol-
specified CAR T-cell dose was successfully produced in 100%
(32 of 32) of patients who underwent production, including all
patients with cells collected and manufactured at DFCI (n 5 4).
Mean g-retroviral 19-28z CAR gene transfer efficiency was 24.1%
(range, 7.9%-61.4%; n 5 32) for all products manufactured.

Toxicity
The most common treatment-related adverse events were
CRS and neurotoxicity, consistent with previously reported
findings.8-11,14,21 Grade 3/4 toxicity occurred in 32% (8 of 25)
of patients. CRS most commonly clinically manifested as high
persistent fever, tachycardia, hypotension, respiratory distress,
and hypoxia. Neurological adverse events included confusion,
disorientation, word-finding difficulties, depressed level of con-
sciousness, encephalopathy, and seizure. CAR T-cell–associated
adverse events are listed in Table 2 and supplemental Table 1.

CRS was graded according to the NCI consensus grading sys-
tem.18 CRS of any grade occurred in 80% of patients (20 of 25)
with severe CRS (sCRS; grades 3 and 4) occurring in 16% (4 of 25)
of patients treated (Table 2). sCRS occurred in both HD-Cy (12%;
2 of 17) and LD-Cy (25%; 2 of 8) cohorts; in pretreatment
morphologic (30%; 3 of 10) and MRD (7%; 1 of 15) cohorts; with
severe neurotoxicity (43%; 3 of 7) and without (6%, 1 of 18). An
alternate CRS grading system (ASTCT CRS consensus grad-
ing19) which requires fever to be present, demonstrated an
overall CRS rate of 68% (17 of 25) and an sCRS rate of 16% (4 of
25). Disease response (CR/CRi) was seen in 3 of 3 evaluable
patients with sCRS. Dose intensity of cyclophosphamide, pre-
treatment disease burden, and several other predictors, in-
cluding total T cells, target CAR T cells, and fold expansion of
CAR T cells during manufacturing, did not correlate with CRS
(supplemental Table 2). One patient with sCRS experienced

Table 2. CAR T-cell–associated adverse events

Event
Any,
n (%)

Severe (grade 3/4)
n (%)

CRS 20 (80) 4 (16)

Tachycardia 15 (60) 0

Hypertension 5 (20) 1 (4)

Cardiac dysfunction/arrhythmia 1 (4) 1 (4)

Cytopenia
Neutropenia 3 (12) 3 (12)
Thrombocytopenia 4 (16) 4 (16)

Infection 9 (36) 6 (24)

CAR T-cell–associated
neurotoxicity

18 (72) 7 (28)

Headache 5 (20) 1 (8)

Tremor or hyperreflexia/clonus 7 (28) 0

Altered mental status* 12 (48) 5 (20)

Seizure (clinical or abnormal
EEG)†

5 (20) 5 (20)

Involuntary movements 1 (8) 0

Ataxia 1 (8) 0

Adverse events were captured for all treated patients (n 5 25) until disease relapse,
application of alternative therapy, or death. CRS was graded according to the NCI
consensus CRS grading system. CRS symptoms include fever, which occurred in 68% (17/
25), hypotension in 44% (11/25), and hypoxia in 12% (3/25) of patients. ASTCT CRS
consensus grading (fever a required element) occurred in 68% (17/25) of patients, including
a sCRS rate of 16% (4/25) of patients. CAR T-cell–associated neurotoxicity included any
neurologic sequalae following the infusion of CAR T cells. EEG, electroencephalogram.

*Altered mental status included somnolence, depressed level of consciousness, confusion,
slurred speech, cognitive disturbance, delirium, and/or personality change.

†Seizure included clinically apparent seizure or electroencephalogram findings consistent
with seizure.

Table 3. Response to CD19-specific CAR T cells

Characteristic Patients, % (n5 24)

Complete response/complete response with
incomplete count recovery (CR/CRi) (n)

75 (18 of 24)

MRD2 (in the CR cohort) 89 (16 of 18)

Response/conditioning chemotherapy (n)
Cyclophosphamide

HD-Cy 94 (15 of 16)
LD-Cy 38 (3 of 8)

Fludarabine
With fludarabine 83 (5 of 6)
Without fludarabine 72 (13 of 18)

Response/pretreatment disease burden
Morphologic disease ($5% BM blasts) 50 (5 of 10)
MRD (,5% BM blasts) 93 (13 of 14)

Disease response for all patient treated and survivingmore than 28 days after infusion (n5 24),
MRD absence (MRD2) in patients who achieved response (n5 18), cohort response based on
dose intensity of conditioning chemotherapy (HD-Cy vs LD-Cy; P5 .01), and cohort response
based on pretreatment disease burden (morphologic disease vs MRD; P 5 .05).
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reversible grade 4 cardiac dysfunction and arrhythmia, which
has been reported in another CAR T-cell clinical trial.10 As
previously reported, several biomarkers correlated with se-
verity of CRS, including serum C-reactive protein and serum
interleukin-6 (IL-6) levels; however, peripheral blood in vivo
CAR T-cell expansion (peak CAR T-cell VCN per milliliter) did not
correlate with severe CRS (supplemental Figure 2).8-10

CRS was managed according to protocol-specific guidelines,
as previously published.13 Most patients with CRS (70%; 14 of
20) were given supportive care alone (antipyretics, intravenous
fluid, and low-flow supplementary oxygen via nasal canula). Two
patients required vasopressors to manage hypotension, 4
patients required the anti-IL-6 receptor blocking antibody
tocilizumab following development of end-organ dysfunction
(hypoxia/respiratory distress and cardiac dysfunction), and 1 re-
quired systemic corticosteroids for end-organ dysfunction
not responsive to IL-6 receptor blockade (global ventricular
dysfunction/decreased ventricular ejection fraction). One patient
died of refractory Stenotrophomonas septic shock on day117 of
treatment after grade 4 CRS and neurotoxicity that was clinically
improving. CRS was reversible in the remaining cases, and, in
those patients treated with immunosuppressive agents, response
was rapid.

Neurologic symptoms of any grade occurred in 72% (18 of 25) of
subjects, with severe neurotoxicity (grades 3 and 4 or seizure)
occurring in 28% (7 of 25) of subjects (Table 2). Severe neuro-
toxicity occurred in both the HD-Cy (29%; 5 of 17) and LD-Cy
(25%; 2 of 8) cohorts, in the pretreatment morphologic (50%;
5 of 10) and MRD (13%; 2 of 15) cohorts, and those with (75%,
3/4) and without (19%, 4 of 21) sCRS. Disease response (CR/CRi)
was seen in 6 of 6 evaluable patients with severe neurotoxicity.
One patient (HD-Cy/MRD cohort) with severe neurotoxicity had

radiographic evidence of diffuse cerebral edema after pre-
senting with fever (day 13; grade 1 CRS), right-side hemiparesis,
and seizure (day15; on prophylactic levetiracetam). Intensive care
unit management included high-dose corticosteroids (dexa-
methasone 10 mg IV, every 6 hours; increased levetiracetam
dosage; and addition of valproic acid), hypertonic saline (serum
sodium goal, .140 mEq/L), and rapid cerebral spinal fluid di-
version by lumbar puncture (opening pressure, 30-35 cm H2O).
Neurologic toxicity improved with these interventions, with
clinical improvement by day 17, near normalization of magnetic
resonance imaging and discontinuation of corticosteroids by
day19, and discharge to outpatient management by day114.
Cyclophosphamide dose, pretreatment disease burden, and
peripheral blood in vivo peak CAR T-cell expansion did not
significantly correlate with neurotoxicity (supplemental Table 2;
supplemental Figure 2).

CAR T-cell–associated neurotoxicity was managed according to
protocol-specific guidelines, as previously published.13 The ma-
jority of patients with neurotoxicity (78%; 14 of 18) were given
supportive care alone (observation and frequent neurologic ex-
aminations) including prophylactic levetiracetam in 92% (23 of 25)
of the patients. Four patients required systemic corticosteroids
for severe neurologic toxicity (seizure). Neurotoxicity was revers-
ible in all patients, without evidence of long-term neurologic
deficits and rapidly responded to immunosuppressive agents
when required.

Response rates
Twenty-four of 25 patients survived for more than 28 days after
CAR T-cell infusion and were evaluable for response assessment
by BM evaluations (Table 3). Data from a patient who died of
refractory Stenotrophomonas septic shock were not included
in the efficacy analysis but were assessed for all other parts of the
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pacts lymphodepletion and CAR T-cell expansion. (A)
ALC change before and after HD-Cy and LD-Cy before
treatment with CAR T cells (n 5 23) demonstrates more
significant lymphodepletion in the HD-Cy cohort
(P , .001). (B) In vivo CAR T-cell expansion (peak CAR
T-cell VCN per milliliter) in peripheral blood was
greater in the HD-Cy cohort as compared with the LD-Cy
cohort (P 5 .01).
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Figure 3. Disease response and pretreatment dis-
ease burden impact CAR T-cell expansion. In vivo CAR
T-cell expansion (peak CAR T-cell VCN per milliliter) in
peripheral bloodwas also higher in patients with disease
response (responders), compared with nonresponders
(P 5 .01) (A), and in patients with MRD, compared with
morphologic pretreatment disease burden (P 5 .05) (B).
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study. The postmortem analysis of this patient did not demonstrate
evidence of leukemia. Of the 24 patients evaluable for response
assessment, overall CR/CR with incomplete count recovery (CRi)
rate was 75% (18 of 24) with subset CR/CRi rates of 94% (15 of 16)
and 38% (3 of 8) in the HD-Cy and LD-Cy cohorts, respectively, and
93% (13/14) and 50% (5/10) in the pretreatment MRD and
morphologic cohorts, respectively (Table 3). Combined response
for HD-Cy/MRD was 100% (12 of 12), HD-Cy/morphologic 75%
(3 of 4), LD-Cy/MRD 50% (1 of 2), and LD-Cy/morphologic 33%
(2 of 6). Several predictors did not correlate with response,
including total T cells, target CAR T cells, fold expansion of CAR
T cells during manufacturing, and in vitro cytotoxicity (supple-
mental table 3). In comparison, response rates for all patients with
manufactured products (n5 32) and all patient withmanufactured
products who were eligible for infusion (chemotherapy refrac-
tory disease; n 5 27) demonstrated a CR/CRi rate of 56% (18 of
32) and 67% (18 of 28), respectively.

The absence of MRD (MRD2) was assessed by multiparameter
flow cytometry for all responders and was achieved by 89% of
responding patients (16 of 18; Table 3). Posttreatment MRD2

status in responding patients included 93% (14 of 16) in the
HD-Cy cohort, 66% (2 of 3) in the LD-Cy cohort, 92% (12 of 13) in
the pretreatment MRD cohort, and 80% (4 of 5) in the pre-
treatment morphologic cohort.

Biomarkers of response
ALC before and after cyclophosphamide (ALC change) was
available for 23 patients. Peripheral blood lymphodepletion
(ALC change) was significantly greater in the HD-Cy cohort
than in the LD-Cy cohort (P , .001; Figure 2). Mean absolute
ALC was 0.2 K/mL (range, 0-0.5 K/mL) and 0.35 K/mL (range,
0-1.8 K/ mL) in the HD-Cy and LD-Cy cohorts, respectively.
Differences in the in vivo CAR T-cell expansion (peak CAR
T-cell VCN per milliliter) in peripheral blood were also sig-
nificantly higher in the HD-Cy cohort, as compared with the
LD-Cy cohort (P 5 .01; Figure 2). CAR T-cell expansion in vivo
was also higher in responders (P 5 .01) and pretreatment
MRD (P 5 .05) cohorts, than in the nonresponder and pre-
treatment morphologic cohorts, respectively (Figure 3). The

median duration of CAR T-cell detection for the entire treated
cohort was 7 days (range, 0-234; Figure 4). Median CAR T-cell
detection was 13 days (range, 0-234) vs 1 day (range, 0-23) in
the HD-Cy and LD-Cy cohorts, respectively. Median CAR
T-cell detection was 8 days (range, 0-234) vs 2 days (range, 0-101)
in the pretreatment MRD and morphologic cohorts, respectively.
Twenty-three patients had available serum cytokines on day 0 (pre-
CAR T-cell infusion) and a comparison between the HD-Cy and
LD-Cy cohorts demonstrated significantly higher levels of EGF
(median, 394pg/mLvs74pg/mL;P5 .01), Flt-3L (median, 62pg/mL
vs 3 pg/mL; P5 .01), sCD40L (median, 6338 pg/mL vs 632 pg/mL;
P5 .01), and IL-3 (2 pg/mL vs 0 pg/mL; P 5 .02), whereas IL-10
(median, 11 pg/mL vs 46 pg/mL; P 5 .005) was lower.

Treatment post-CAR T cells and overall survival
Of the 18 responding patients, 83% (15 of 18) underwent
consolidation with allo-HSCT as the standard of care for R/R
B-ALL in a primarily allo-HSCT–naive cohort. Median time from
CAR T-cell infusion until allo-HSCT infusion was 57 days (range,
30-200). After allo-HSCT, 2 patients died of subsequent CD191

disease relapse, 2 died after development of multiorgan veno-
occlusive disorder, and 1 died of complications of graft-versus-
host disease. Two additional patients developed a CD191

relapse (17.5 and 25.7 months after CAR T cells) of which 1
remains alive and disease free after salvage therapy and 1
remains alive and is undergoing salvage therapy. CD192 dis-
ease relapse was not seen in any patient treated in this cohort.
Eight patients remain alive and disease free after infusion of
CAR T cells consolidated with allo-HSCT. The 3 remaining
responding patients who did not undergo allo-HSCT because
of organ dysfunction (n 5 1) and detectable disease (MRD1;
n 5 2) ultimately died. Overall survival of combined dose in-
tensity and pretreatment disease burden is shown in Figure 5
and individual cohorts in supplemental Figure 3.

Discussion
In this multicenter clinical trial of CD19-specific CAR T cells in pe-
diatric/young adult patients with R/R CD191 B-ALL, we report the
results of 25 treated patients with a median follow-up of 7.7 months
(range, 0.5-43.7 months) and a median follow-up for responding
patients (n 5 18) of 28.6 months (range, 1.8-43.7). This analysis has
allowed us to determine the toxicity profile, confirm feasibility,
evaluate the response to this approach, and provide a direct
comparison of the sameCD19-specific CAR T-cell product that was
previously published in adult patients for the same indication.8,13
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The major clinical limitation to the widespread implementation
of CAR T-cell therapy, particularly as part of front-line therapy, is
the high rate of toxicity after infusion. Currently, the 2 FDA-
approved therapies require specialized treatment centers to
adhere to FDA-mandated Risk Evaluation and Mitigation
Strategies programs. Rates of severe CRS (grades 3 and 4) have
ranged from 23% to 46% in pediatric R/R B-ALL and adult NHL
populations, respectively.9,10,12,22 The low incidence of sCRS
(16%) in this study could be attributed to the low tumor burden
status of the majority of patients, as pretreatment disease bur-
den has been clearly shown to correlate with sCRS.8-10 This is in
contrast with the most recent published rate of 46% sCRS after
the FDA approved tisagenlecleucel (CD19-specific 4-1BB CAR
T cells) in pediatric/young adult patients with R/R B-ALL.22 In the
present study, 28% of patients experienced severe neurotoxicity,
which is comparable to previous reports but higher than the
pivotal tisagenlecleucel study.8,9,11,12,21,22 The reversible toxicity
profile within the present study confirms the tolerability of this
approach. with the majority of patients (70% for CRS and 78% for
neurotoxicity) only requiring postinfusion supportive care. Im-
portantly, incidence of CAR-associated toxicity did not increase
with the use of more dose-intense (HD-Cy) conditioning che-
motherapy in this cohort. Further studies should prospectively
evaluate any negative impact on the toxicity profile when higher
intensity preconditioning chemotherapy is used.

In this cohort, we demonstrated a response rate of 94% (88%
MRD2 response) in our HD-Cy cohort, without a negative impact
on the toxicity profile. In contrast, the use of LD-Cy (900 mg/m2)
and fludarabine have demonstrated an overall response rate of
70% (60%MRD2 response) in a previous study of pediatric/young
adult patients with R/R B-ALL.10 In comparison, a global mul-
ticenter study using the FDA-approved tisagenlecleucel pre-
ceded by LD-Cy (500 mg/m2 3 2 days) and fludarabine
demonstrated a response rate of 81% at 3 months in treated
patients.22 Dose intensification of cyclophosphamide has had
mixed results in adult patients with R/R NHL, with 1 study dem-
onstrating unfavorable (increased toxicity; CD19-specific, CD28-
containing CAR T cells) or favorable (improved preinfusion
cytokine profile/progression-free survival; CD19-specific, BB-
containing CAR T cells) outcomes.23,24 Dose intensification with
the addition of fludarabine has also been demonstrated to influ-
ence CAR T-cell kinetics (peak expansion/persistence) and ef-
ficacy and to reduce cellular-mediated rejection of CAR T cells.11,12

The impact of fludarabine in this cohort could not be assessed
because of the low number of patients (n5 6) receiving this agent.

The mechanisms by which HD-Cy and minimal pretreatment
disease burden contribute to response is not determined in this
study and remains speculative. The more profound lympho-
depletion (reduction of ALC) was associated with HD-Cy com-
pared with LD-Cy in this study (Figure 2) and is an expected
finding after higher total exposure to cyclophosphamide. More
profound lymphodepletion could result in a reduction in immune-
mediated suppression or cell-mediated rejection of CAR T cells,
thereby translating into improved response. Reduced immune-
mediated suppression could also account for the higher peak
CAR T-cell expansion (Figure 2) seen in this cohort; however, this
finding must be further investigated, as risk-adapted CAR T-cell
dosing based on pretreatment burden was adopted in this study,
as previously published.13,21 Similar impact on immune-mediated
suppression has been demonstrated with addition of fludarabine

to preconditioning chemotherapy.11,12 T-cell differentiation has
been implicated in the demise of circulating CAR T cells, and, in
the setting of high antigen exposure (high pretreatment disease
burden or lower conditioning intensity), T-cell exhaustion could
result in less CAR T-cell expansion.14 Irrespective of mechanism,
the contribution of dose-intense cyclophosphamide is evident
by improved response and survival in this cohort of patients.
Minimal pretreatment disease burden has been shown by our
group to impact durability of response and survival in a cohort
of adult patients with R/R B-ALL.13 The cohort in the present
study provided additional evidence as to the positive impact of
minimal pretreatment disease burden on CAR T-cell response.
Prospective studies to discern the optimal intensity of conditioning
chemotherapy and pretreatment disease burden are warranted
to define maximal efficacy and tolerability of this therapy.

In conclusion, we found a reversible toxicity profile for pediatric/
young adult patients with R/R B-ALL treated with CAR T-cell
therapy. Dose intensity of preconditioning chemotherapy and
minimal pretreatment disease burden have an impact on re-
sponse without reducing tolerability. Intention to treat was not
included in the study design and therefore was not evaluated in
this cohort. In addition, the need for consolidative allo-HSCT is
not defined in this cohort of primarily allo-HSCT–naive patients,
and analysis of overall survival was limited because the majority
of responding patients proceeded to consolidation with allo-
HSCT (CAR T cells as a bridge to allo-HSCT). In contrast, CAR
T cells have been shown to provide durable remission in the
absence of consolidative allo-HSCT for a subset of patients (59%
relapse-free survival at 12months for responding patients).22 The
need for consolidative allo-HSCT warrants further investigation
and is influenced by prior history of allo-HSCT, available donor
options, recovery from post-CAR T-cell toxicity, and persistence
of CAR T-cell activity. Within this cohort, the long-term persis-
tence of response is encouraging, and in our primarily transplant-
naive patient population, the ability to proceed to allo-HSCT has
demonstrated a favorable overall survival, manageable toxicity,
and limited incidence of relapse.
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ALL-REZ BFM Study Group. Outcome of
children and adolescents with relapsed acute
lymphoblastic leukaemia and non-response to
salvage protocol therapy: a retrospective
analysis of the ALL-REZ BFM Study Group. Eur
J Cancer. 2011;47(1):90-97.

7. Curran KJ, Brentjens RJ. Chimeric antigen
receptor T cells for cancer immunotherapy.
J Clin Oncol. 2015;33(15):1703-1706.

8. Davila ML, Riviere I, Wang X, et al. Efficacy and
toxicity management of 19-28z CAR T cell
therapy in B cell acute lymphoblastic leuke-
mia. Sci Transl Med. 2014;6(224):224ra25.

9. Maude SL, Frey N, Shaw PA, et al. Chimeric
antigen receptor T cells for sustained

remissions in leukemia. N Engl J Med. 2014;
371(16):1507-1517.

10. Lee DW, Kochenderfer JN, Stetler-Stevenson
M, et al. T cells expressing CD19 chimeric
antigen receptors for acute lymphoblastic
leukaemia in children and young adults: a
phase 1 dose-escalation trial. Lancet. 2015;
385(9967):517-528.

11. Turtle CJ, Hanafi LA, Berger C, et al.
Immunotherapy of non-Hodgkin’s lymphoma
with a defined ratio of CD81 and CD41CD19-
specific chimeric antigen receptor-modified
T cells. Sci Transl Med. 2016;8(355):355ra116.

12. Gardner RA, Finney O, Annesley C, et al.
Intent-to-treat leukemia remission by CD19
CAR T cells of defined formulation and dose in
children and young adults. Blood. 2017;
129(25):3322-3331.

13. Park JH, Rivière I, Gonen M, et al. Long-Term
Follow-up of CD19 CAR Therapy in Acute
Lymphoblastic Leukemia.NEngl JMed. 2018;
378(5):449-459.

14. Kochenderfer JN, Dudley ME, Kassim SH, et al.
Chemotherapy-refractory diffuse large B-cell
lymphoma and indolent B-cell malignancies can
be effectively treated with autologous T cells
expressing an anti-CD19 chimeric antigen re-
ceptor. J Clin Oncol. 2015;33(6):540-549.

15. Brentjens RJ, Davila ML, Riviere I, et al.
CD19-targeted T cells rapidly induce molec-
ular remissions in adults with chemotherapy-
refractory acute lymphoblastic leukemia.
Sci Transl Med. 2013;5(177):177ra38.

16. Hollyman D, Stefanski J, Przybylowski M, et al.
Manufacturing validation of biologically
functional T cells targeted to CD19 antigen
for autologous adoptive cell therapy.
J Immunother. 2009;32(2):169-180.

17. Brentjens RJ, Santos E, Nikhamin Y, et al.
Genetically targeted T cells eradicate systemic
acute lymphoblastic leukemia xenografts. Clin
Cancer Res. 2007;13(18, pt 1):5426-5435.

18. Lee DW, Gardner R, Porter DL, et al. Current
concepts in the diagnosis and management of
cytokine release syndrome. Blood. 2014;
124(2):188-195.

19. Lee DW, Santomasso BD, Locke FL, et al.
ASTCT Consensus Grading for Cytokine Re-
lease Syndrome and Neurologic Toxicity As-
sociated with Immune Effector Cells.Biol Blood
Marrow Transplant. 2019;25(4):625-638.

20. Irving J, Jesson J, Virgo P, et al; UK MRD
steering Group. Establishment and validation
of a standard protocol for the detection of
minimal residual disease in B lineage child-
hood acute lymphoblastic leukemia by flow
cytometry in a multi-center setting.
Haematologica. 2009;94(6):870-874.

21. Turtle CJ, Hanafi LA, Berger C, et al.
CD19 CAR-T cells of defined CD41:CD81
composition in adult B cell ALL patients. J Clin
Invest. 2016;126(6):2123-2138.

22. Maude SL, Laetsch TW, Buechner J, et al.
Tisagenlecleucel in Children and Young
Adults with B-Cell Lymphoblastic Leukemia.
N Engl J Med. 2018;378(5):439-448.

23. Kochenderfer JN, Somerville RPT, Lu T, et al.
Lymphoma Remissions Caused by Anti-CD19
Chimeric Antigen Receptor T Cells Are As-
sociated With High Serum Interleukin-15
Levels. J Clin Oncol. 2017;35(16):1803-1813.

24. Hirayama AV, Gauthier J, Hay KA, et al. The
response to lymphodepletion impacts PFS in
aggressive non-Hodgkin lymphoma patients
treated with CD19 CAR-T cells. Blood. 2019;
133(17):1876-1887.

2368 blood® 26 DECEMBER 2019 | VOLUME 134, NUMBER 26 CURRAN et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/134/26/2361/1752672/bloodbld2019001641.pdf by guest on 20 M

ay 2024

https://orcid.org/0000-0002-3337-9956
https://orcid.org/0000-0003-2232-6952
https://orcid.org/0000-0003-2232-6952
https://orcid.org/0000-0002-9031-8025
mailto:brentjer@mskcc.org
mailto:brentjer@mskcc.org
mailto:currank@mskcc.org
https://doi.org/10.1182/blood.2019001641
https://doi.org/10.1182/blood.2019001641
http://clinicaltrials.gov
mailto:crdatashare@mskcc.org
http://www.bloodjournal.org/content/134/26/2333

