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abstract

PURPOSE The anti-CD19 chimeric antigen receptor T-cell therapy tisagenlecleucel (CTL019) has an 81%
response rate in children with relapsed or chemotherapy refractory (r/r) B-cell acute lymphoblastic leukemia
(ALL). Cytokine release syndrome (CRS) is a life-threatening treatment-related toxicity that limits the full
therapeutic potential in adults. We report outcomes for adults with r/r ALL treated with an optimized CTL019
dosing and CRS management strategy.

METHODS Adults with r/r B-cell ALL received CTL019 in 1 of 2 trials. Patients received lymphodepletion followed
by CTL019 as either a one-time infusion or fractionated infusions split over 3 days (day 1, 10%; day 2, 30%; day
3, 60%), which allowed for day 2 and day 3 doses to be held for early CRS. Total planned CTL019 dose varied
with adaptive protocol modifications in response to efficacy and CRS toxicity.

RESULTS Thirty-five adults with r/r ALL received CTL019 in 1 of 3 dosing cohorts. The low-dose cohort (n = 9)
received single or fractionated dosing and had manageable toxicity with a 33% complete remission (CR) rate. In
the high-dose single infusion cohort, 3 of 6 patients with refractory CRS concurrent with culture-positive sepsis
died, and 3 achieved CR. The 20 patients in the high-dose fractionated (HDF) cohort had a 90% CR rate and
manageable CRS. The HDF cohort had the highest survival, with a 2-year overall survival of 73% (95% CI, 46%
to 88%) and event-free survival of 49.5% (95% CI, 21% to 73%).

CONCLUSION Fractionated dosing of CTL019 with intrapatient dose modification optimizes safety without
compromising efficacy in adults with r/r ALL.

J Clin Oncol 38. © 2019 by American Society of Clinical Oncology

INTRODUCTION

T cells engineered to express a chimeric antigen re-
ceptor (CAR) that targets CD19 have generated high
remission rates in pediatric and adult patients with
relapsed or chemotherapy refractory (r/r) acute lym-
phoblastic leukemia (ALL).1-6 The immune activation
on which this efficacy depends is also responsible for
the life-threatening toxicity of cytokine release syn-
drome (CRS). CRS correlates with the activation and
expansion of anti-CD19 CAR T cells and clinically
manifests with fevers that can progress to life-
threatening vasodilatory shock and capillary leak
with hypoxic respiratory failure.7 With efficacy clearly
established, a better understanding of treatment-
related toxicities and evaluation of CRS mitigation
strategies are critical.

On August 30, 2017, the US Food and Drug Ad-
ministration approved the first CD19-directed CAR
T-cell therapy tisagenlecleucel (formerly CTL019) for
the treatment of pediatric and young adult patients up
to age 25 years with B-cell precursor ALL that is re-
fractory or in second or greater relapse. We now report

outcomes using CTL019 in 35 older adult patients with
r/r ALL. Compared with the pediatric cohort, we have
observed significant toxicity in adults, with 3 CRS-
related deaths. We then modified the protocol to ask
whether mitigation strategies, including a fractionated
dosing scheme, could maintain high response rates
with acceptable tolerability in adult patients with ALL.

METHODS

Study Design

Thirty-five adult patients with r/r ALL were treated at
the University of Pennsylvania in 2 single-arm, open-
label studies. The studies were designed to determine
the safety and efficacy of autologous T cells trans-
duced through a lentiviral vector with a CAR composed
of a murine anti-CD19 single-chain variable (scFv)
region and T-cell receptor CD3z/4-1BB costimulatory
domains (CTL019). Our pilot first-in-human study
(ClinicalTrials.gov identifier: NCT01029366) was open
to all patients with CD19+ malignancies, of whom 5
had r/r ALL and are reported here. The second study
(ClinicalTrials.gov identifier: NCT02030847) was
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a follow-up specific to patients with r/r ALL. Eligible patients
in both studies were age $ 18 years with r/r CD19+ B-cell
ALL. Patients with relapse after blinatumomab or allogeneic
hematopoietic stem-cell transplantation (HSCT) were eli-
gible provided that they did not have active graft-versus-
host disease. Patients with active disease in their CNS were
excluded. The study protocols and their amendments were
approved by the institutional review board of the Hospital of
the University of Pennsylvania and conducted in accor-
dance with the principles of the Declaration of Helsinki and
the International Conference on Harmonization of Good
Clinical Practice guidelines, including written informed
consent. Research that involved recombinant DNA was
conducted under biosafety level 2 containment and was
approved by the institutional biosafety committee at the
University of Pennsylvania in accordance with the National
Institutes of Health Guidelines for Research Involving
Recombinant DNA Molecules.

Peripheral blood T cells for manufacturing were collected
from patients by leukapheresis and stimulated with beads
coated with antibodies directed against CD3 and CD28.
Cells were transduced with a lentiviral vector that encoded
anti-CD19 scFv linked to 4-1BB and CD3z signaling do-
mains, as described previously.8,9 Lymphodepleting che-
motherapy before CTL019 infusion was recommended but
not mandated for patients with WBC # 1,000/mL. In both
studies, the choice of lymphodepletion was left to the
discretion of the treating physician.

The dosing and timing of CTL019 varied with protocol
amendments in response to toxicity and efficacy. De-
pending on timing of enrollment, patients were treated in
1 of 3 dosing cohorts (Table 1). Patients either received
a planned high dose of CTL019 cells (53 108) or a low dose
of cells (5 3 107). The cells were then administered as
a single infusion, or the total planned dose was split into
fractions, with 10% of the dose delivered on day 1 (D1),
30% on D2, and the remaining 60% on D3. In the cohorts
treated with a fractionated dosing approach, D2 and/or D3
doses were held if the patient experienced early signs of
CRS, including fever (Table 1).

Patients treated in the initial pilot trial were treated with the
high-dose fractionated (HDF) approach according to the
design of our first-in-human study. In the follow-up study, the
first patients were treated with a high-dose single infusion
(HDS) of 5 3 108 CAR T cells. Because of CRS-related
deaths, the protocol was modified, and patients were treated

with a lower dose of 5 3 107 cells with either single infusion
or fractionated dosing (low-dose [LD]) cohort. Because of
low efficacy in the LD cohort, the protocol was again
modified, and patients were treated with the higher dose but
with the fractionated dosing scheme (HDF), which was safe
and effective in the pilot study (Fig 1).

Toxicity Assessment

CRS was graded according to the Penn grading scale10,11

(Appendix Table A1, online only). Other adverse events
were graded according to the National Cancer Institute
CTCAE (version 4.03).

Response Assessment

Disease response assessments were done at protocol-
defined time points. The primary efficacy end point was
overall complete remission (CR) rate at D28. CR was de-
fined as, 5% bone marrow blasts; CRi was defined as CR
without full hematopoietic recovery. Patients were de-
termined to be minimal residual disease (MRD) negative if
bone marrow blasts were , 0.01% by multiparameter flow
cytometry. Secondary efficacy end points were time-to-
event analysis of overall survival (OS) and event-free sur-
vival (EFS).

Statistical Analysis

Means, medians, and ranges were calculated for groups.
OS and EFS were estimated by Kaplan-Meier curves, and
dosing cohort differences were tested using the log-rank
test. OS and EFS by subsequent HSCT were compared
using a landmark analysis, which compares only those
patients in both groups that were free of an event at
5.2 months postinfusion, the maximum time of HSCT.12

This approach addresses the immortality time bias in
survival curves caused by HSCT-eligible patients having to
remain event free until the time of HCST.13 D28 response
rates and frequency of severe (grade 4/5) CRS by cohort
were tested using Fisher’s exact test. The association be-
tween the number of doses received and baseline disease
burden was assessed using Spearman’s rank correlation
coefficient. Statistics were calculated using SAS 9.4 (SAS
Institute, Cary, NC) and R version 3.4 (R Foundation for
Statistical Computing, Vienna, Austria) software.

RESULTS

Patient Characteristics

A total of 49 patients were enrolled (7 in the first-in-human
study and 42 in the follow-up study). Fourteen patients did

TABLE 1. Dosing Cohorts (N=35)
Cohort No. of Patients Maximum CTL019 Cell Dose Schedule Fractionated Dosing, %

High-dose single infusion 6 5 3 108 Single Day 1: 10

Day 2a: 30

Day 3
a
: 60

Low dose 9 5 3 107 Single/fractionated

High-dose fractionated 20 5 3 108 Fractionated

aDay 2 and/or day 3 dosing held for early signs of cytokine release syndrome.
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not receive study treatment for the following reasons (Fig 1):
manufacturing failure (n = 1), patients sought alternative
treatment (n = 3), died (n = 5), or were medically unfit to
receive treatment because of rapid disease progression or
comorbid illness (n = 5). Thirty-five patients with r/r ALL
(median age, 34 years; range, 21-70 years) received
CTL019 through 3 dosing cohorts and were included in the
study analysis (Table 2). Thirteen patients (37%) had ex-
perienced relapse after prior HSCT, and 11 (31%) had
received prior blinatumomab. The median number of prior
therapies was 3 (range, 1-7 therapies), and 11 patients
(31%) had primary refractory disease. For patients with
bone marrow biopsies available between lymphodepleting
chemotherapy and CTL019 infusion (n = 29), the majority
(93%) had . 5% bone marrow involvement.

Lymphodepleting chemotherapy was administered to 33
of 35 patients 1-2 weeks before CTL019 infusion. The
majority of patients (n = 25) received single-agent

cyclophosphamide (300 mg/m2 every 12 hours 3 6),
and 5 patients received cyclophosphamide (500 mg/m2 3
2 days) with fludarabine (30 mg/m2 3 4 days). One patient
received clofarabine and one patient received methotrex-
ate, and cytarabine and cyclophosphamide, vincristine,
and doxorubicin. Two patients did not receive lymphode-
pletion at physician discretion because of leukopenia (WBC
# 60/mL [below the level of quantification] andWBC = 200/
mL).

Response Rates and Survival

The overall CR rate by D28 for patients in all treatment
cohorts was 69% (95% CI, 51% to 83%). Response rates,
treatment-related toxicity, and survival varied significantly
by dosing cohort (Table 3). In the HDS cohort (n = 6), 3
patients died before disease response assessment as
a result of complications of CRS and infections; the sur-
viving 3 patients achieved CR. In the LD cohort (n = 9),

Patients enrolled in 
NCT02030847

(N = 42)

Total number who 
received infusion

(n = 30)

Patients enrolled in 
NCT01029366

(N = 7)

Protocol modification
to optimize safety

Protocol modification
to optimize efficacy 

(n = 5)
(n = 5)

HDF cohort
   CR

Did not receive infusion
   Manufacturing failure
   Died

(n = 2)
(n = 1)
(n = 1)

HDS cohort
   CRS related deaths
   CR

(n = 6)
(n = 3)
(n = 3)

LD cohort
   CR
   NR
   CNS bleed

(n = 9)
(n = 3)
(n = 5)
(n = 1)

HDF cohort
   CR
   NR

(n = 15)
(n = 13)
(n = 2)

HDF cohort
   CR
   NR

(n = 20)
(n = 18)
(n = 2)

Did not receive infusion
   Sought alternative treatment
   Died
   Medically unfit

(n = 3)
(n = 4)
(n = 5)

(n = 12)

FIG 1. Flow diagram for
adult patients with acute
lymphoblastic leukemia
treated with CTL019. CR,
complete remission;
CRS, cytokine release
syndrome; NR, no re-
sponse; HDF, high-dose
fractionated; LD, low
dose; HDS, high-dose
single infusion.
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patients had manageable CRS, but only 33% achieved CR.
In the HDF cohort (n = 20), toxicity was manageable, and
the CR rate was 90%. All patients who achieved CR and
had concurrent bone marrow assessment for MRD by flow
cytometry (n = 19) were MRD negative.

Long-Term Survival

At a median follow-up of 13 months (range, 0.2-52.7
months), the median OS for the entire cohort was
19.1 months (95% CI, 6.2 months to not estimable), and
the median EFS was 5.6 months. OS and EFS were sig-
nificantly improved in the HDF cohort (n = 20) compared
with the HDS and LD cohorts. In the HDF cohort, median
OS was not reached, with a 2-year survival rate of 73%
(95% CI, 46% to 88%); median EFS was 19.4 months, and
the 2-year EFS rate was 49.5%. For HDS, the 2-year OS and
EFS rates were both 17% (95% CI, 0.8% to 52%). For LDS,
the 2-year OS and EFS rates were 22% (95% CI, 3% to
51%) and 0% (95% CI, 0% to 33%), respectively (Fig 2;
Table 3).

We evaluated the effect of age on survival. OS and EFS
curves were similar between patients age $ 35 years (n =
17) versus younger patients (n = 18; log-rank P = .56 and
1.00, respectively). Cox regression was used to examine the
effect of age as a continuous covariate, and no significant
effect of age was found; a 10-year increase in age was
associated with 1.03-fold increase in the hazard of death

(95% CI, 0.76 to 1.41) and a 1.15-fold increase in the
hazard of an event (95% CI, 0.86 to 1.53).

For patients who achieved CR (n = 24), the median OS was
not reached, with a 2-year survival rate of 64% (95% CI,
38% to 82%), and the median EFS was 19.4 months (95%
CI, 5.6 months to not estimable; Figs 2C and 2D). Nine of
the 24 patients who achieved CR received a consolidative
allogeneic HSCT in CR, and 15 received no therapy af-
ter CTL019 unless relapse occurred. The median time
to subsequent HSCT was 2.6 months (range, 1.7-5.2
months). For patients bridged and not bridged to HSCT,
median ages were 38.7 years (range, 24.4-50.5 years) and
35.5 years (range, 27.2-63.0 years), respectively. To es-
timate the impact of HSCT in responding patients, we did
a landmark analysis for OS and EFS by subsequent HSCT
and found a nonsignificant improvement in OS and a sig-
nificant improvement in EFS in patients who received HSCT
(Figs 2E and 2F).

Toxicity

Treatment-related neurocognitive toxicity of any grade af-
fected 14 patients (40%). Grade 1-2 toxicity occurred in 13
patients (37%) and grade 3 in 2 (6%), and no patient had
grade 4 neurotoxicity. One patient in the LD cohort died as
a result of intracranial hemorrhage D17 after CART infusion
in the setting of persistent disease and thrombocytopenia.
The most prevalent treatment-related adverse event was

TABLE 2. Patient Demographics and Baseline Characteristics

Characteristic
All Patients,
No. (%)

Cohort, No. (%)

HDS LD HDF

No. of patients 35 6 9 20

Median age at infusion, years (range) 33.8 (20.6-70.4) 53.6 (25.3-63.6) 28.2 (21.2-66.7) 35.5 (20.6-70.4)

Sex

Female 11 (31) 3 (50) 2 (22) 6 (30)

Male 24 (69) 3 (50) 7 (78) 14 (70)

Prior allogeneic transplantation 13 (37) 3 (50) 5 (56) 5 (25)

Prior blinatumomab 11 (31) 0 (0) 4 (44) 7 (35)

Primary refractory disease 11 (31) 1 (17) 1 (11) 9 (45)

Prior lines of therapy

1-2 12 (34) 2 (33) 2 (22) 8 (40)

3-4 13 (37) 2 (33) 3 (33) 8 (40)

$ 5 10 (29) 2 (33) 4 (44) 4 (20)

Baseline disease burden

# 5 2 (6) 0 0 2 (10)

5-50 9 (26) 1 (17) 4 (44) 4 (20)

$ 50 18 (51) 4 (67) 5 (56) 9 (45)

Unknown 6 (17) 1 (17) 0 5 (25)

BCR-ABL positivea 3 (9) 1 2 0

Abbreviations: HDF, high-dose fractionated; HDS, high-dose single infusion; LD, low dose.
aBCR-ABL positivity was defined as detectable transcript from a qualitative or quantitative assay.

4 © 2019 by American Society of Clinical Oncology

Frey et al

Downloaded from ascopubs.org by University PENNSYLVANIA Library on January 10, 2020 from 128.091.085.003
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.



CRS, which was graded with the Penn grading scale11

(Appendix Table A1). CRS of any grade occurred in 33
patients (94%). Grade 1-2 CRS occurred in 8 patients
(23%), grade 3 in 19 (54%), grade 4 in 3 (9%), and grade 5
in 3 (9%). The frequency of grade 4/5 CRS varied by
treatment cohort (Fisher’s exact P = .017; Table 3). The 3
patients with grade 5 CRS were all in the HDS cohort, and
all had concurrent infections. All 3 patients (ages 32, 56,
and 63 years) died as a result of refractory hypotension,
having developed pulmonary edema that required me-
chanical ventilation. All 3 patients received at least 2 doses
of tocilizumab and systemic corticosteroids, and all had
concern for concurrent sepsis at the time of death (1 with
influenza B, 1 with Stenotrophomonas pneumonia, and 1
with Pseudomonas pneumonia). Only 1 grade 4 CRS and
no grade 5 CRS were observed in the 20 patients treated in
the HDF cohort.

Fractionated Dosing

The 20 patients in the HDF cohort had planned infusions of
CTL019 over 3 days, with 10% delivered on D1, 30% on
D2, and 60% on D3. D2 and D3 were withheld for early
signs of clinical CRS, such as fever, that occurred after the
first or second dose. Nine patients received 1 dose, 4
received 2 doses, and 7 received all 3 doses. Only 2 of the
20 patients in the HDF cohort did not achieve CR; both
received 2 doses of cells.

Given that baseline disease burden in ALL is a predictor for
severe CRS, we analyzed whether baseline disease burden
(available for 15 of 20 patients in the HDF cohort) corre-
lated with the number of fractions given. Both evaluable
patients with, 5% bonemarrow blasts received all 3 doses
of CTL019. Of note, of the 9 patients in the HDF cohort with

high disease burden (. 50%), 3 received D1 only, 3 re-
ceived D1 and D2 only, and 3 received all 3 doses of cells.
The Spearman’s rank correlation coefficient was 0.12 (95%
CI, 20.42 to 0.6; P = .66).

DISCUSSION

Tisagenlecleucel (formerly CTL019) has been found to be
effective with manageable toxicity in pediatric, adolescent,
and young adult patients with r/r ALL. Similar to other
therapies for ALL, older adults may have a differential ability
to tolerate treatment-related toxicity. Because CAR T cells
are living drugs capable of marked in vivo expansion, the
identification of an ideal infusion dose with a traditional
phase I design is challenged by the fact that the infusional
dose is only one of many factors that influence peak CAR
T-cell levels, which correlates with toxicity and efficacy. We
hypothesized that a fractionated dosing scheme, where D2
and D3 doses are held in response to early clinical CRS,
allows individualized dose modifications for a better bal-
ance of efficacy and safety compared with a single dose for
all patients. Our initial findings preliminarily support this
hypothesis. For example, only 3 of the 9 patients in the LD
cohort (planned dose of 5 3 107 CAR T cells) achieved
a CR, which implies that for unselected patients, this dose
may be insufficient. The 20 patients treated in the HDF
cohort had the potential to receive 53 108 CAR T cells but
in fractions of 10%, 30%, and 60%. Of note, 9 of the 20
patients developed CRS after the first 10% dose (which is
5 3 107 cells, as in the LD cohort), and no additional cells
were given. All 9 achieved CR compared with only 33% in
the LD cohort who received the same dose of cells. The
fractionated dosing scheme allows for adaptive dos-
ing where only those patients most likely to respond to the

TABLE 3. Outcomes by Cohort

Outcome All (N = 35)

Cohort

P aHDS (n = 6) LD (n = 9) HDF (n = 20)

Day 28 response

CR 24 (69) 3 (50) 3 (33) 18 (90) .0038

NR 11 (31) 3 (50) 6 (67) 2 (10)

Median survival, months (95% CI)

OS 19.1 (6.2 to NE) 3.4 (0.2 to NE) 5.7 (0.3 to 25.4) Not reached .0030

EFS 5.6 (2.2 to 19.4) 2.1 (0.2 to NE) 0.9 (0.3 to 5.4) 19.4 (5.1 to NE) .0003

Two-year survival rate, % (95% CI)

OS 47 (28 to 63) 17 (0.8 to 52) 22 (3 to 51) 73 (46 to 88)

EFS 31 (15 to 49) 17 (0.8 to 52) 0 (0 to 33)b 49.5 (21 to 73)

CRS grade 4/5 6 (17) 3 (50) 2 (22) 1 (5) .0170

NOTE. Data presented as No. (%) unless otherwise indicated.
Abbreviations: CR, complete response; CRS, cytokine release syndrome; EFS, event-free survival; HDF, high-dose fractionated; HDS,

high-dose single infusion; LD, low dose; NE, not estimable; NR, no response; OS, overall survival.
aFor the survival end points, the log-rank test statistic compares the OS and EFS across dose groups; for proportions, Fisher’s exact test

P value is provided.
bThe rule of three was used to estimate the 95% CI for a 0% success rate.15
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5 3 107 dose (early CRS) will receive this lower dose; if
these patients went on to receive the full dose despite early
CRS, it is possible that they would havemore severe toxicity,
and our strategy potentially mitigates this. Those patients
who did not have early CRS received subsequent doses but
did not experience excessive CRS-related toxicity. Of the 20

patients total treated in the HDF cohort, 90% achieved CR
and only 1 had severe CRS (grade 4 per Penn grading
scale) because of a requirement for high-dose vasopressor
support, and no patients required mechanical ventilation.
In contrast, when we treated 6 patients in the HDS cohort
(5 3 108

flat dose), there were 3 CRS-related deaths. Our

HDF

HDS

LD

P = .003

A

0.0

0.4

0.8

OS
 (p

ro
ba

bi
lit

y)

0 6 12 18 24 30 36 42 48

Time Since Infusion (months)
No. at risk:

LD

HDS

HDF 20 17 12 7 5 3 2 2 2

6 3 2 1 1 1 1 0 0

9 4 4 3 2 1 0 0 0

OS by Cohort

HDF

HDS

LD

P = .0003

B
EFS by Cohort

0.0

0.4

0.8

0 6 12 18 24 30 36 42 48

Time Since Infusion (months)

EF
S 

(p
ro

ba
bi

lit
y)

No. at risk:

HDF

HDS

LD

20 13 11 7 4 3 2 2 2

6 2 1 1 1 1 1 0 0

9 1 1 0 0 0 0 0 0

HSCT

No HSCT

P = .09

E
Landmark Analysis for OS

 by Subsequent Allogeniec HSCT

0.0

0.4

0.8

OS
 (p

ro
ba

bi
lit

y)

5.2 12 18 24 30 36 42 48

Time Since Infusion (months)
No. at risk:

HSCT  

No HSCT

8

10 9 4 2 1 0 0 0

7 5 5 4 3 2 2

HSCT

No HSCT

P = .029

F
Landmark Analysis for EFS

by Subsequent Allogeniec HSCT

0.0

0.4

0.8

EF
S 

(p
ro

ba
bi

lit
y)

5.2 12 18 24 30 36 42 48

Time Since Infusion (months)
No. at risk:

HSCT 

No HSCT

8 7 4 4 3 3 2 2

10 6 4 1 1 0 0 0

C

0.0

0.4

0.8

OS
 (p

ro
ba

bi
lit

y)

0 6 12 18 24 30 36 42 48

Time Since Infusion (months)
No. at risk:

24 22 17 10 7 5 3 2 2

OS for Complete

Responders

D

0 6 12 18 24 30 36 42 48

Time Since Infusion (months)

0.0

0.4

0.8

EF
S 

(p
ro

ba
bi

lit
y)

No. at risk:

24 16 13 8 5 4 3 2 2

EFS for Complete

Responders

FIG 2. Kaplan-Meier graphs of overall survival (OS) and event-free survival (EFS). (A) OS by cohort. (B) EFS by cohort. (C) OS for complete
responders. (D) EFS for complete responders. (E) Landmark analysis for OS by subsequent allogeneic hematopoietic stem-cell transplantation
(HSCT). (F) Landmark analysis for EFS by subsequent allogeneic HSCT. HDF, high-dose fractionated; HDS, high-dose single infusion; LD, low dose.
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analysis is limited by the small sample size, which prevents
a multivariable analysis but supports further exploration of
a fractionated dosing scheme in future trials of high-risk
patients.

Because high baseline disease burden in ALL is associ-
ated with severe CRS, some investigators have adopted
a risk adaptive strategy to infuse a lower dose of anti-CD19
CAR T cells for patients with higher disease burdens.3-6 Of
note, in our HDF cohort, high disease burden did not
always predict the number of fractions patients received,
which suggests that additional modifiers contribute to CRS
risk. These findings suggest that a fractionated dosing
scheme may be a personalized approach to improve the
therapeutic index of CAR T cells beyond the capability of
a strategy of dose modification on the basis of disease
burden.

In our study, patients who achieved an initial CR had
a median OS that was not reached and median EFS of 19.4
months. A key question is whether to consolidate a fit
patient in MRD-negative remission from anti-CD19 CAR
T cell therapy with allogeneic HSCT. Treatment-related
morbidity and mortality as a result of HSCT needs to be
balanced against relapse risk. In addition, some CAR T-cell
products with the 4-1BB costimulatory domain such as
CTL019 can have functional persistence in vivo that offers
the potential for ongoing tumor surveillance, which could
be lost if a patient proceeds to allogeneic HSCT. Single-
center studies have evaluated different patient populations
with different cellular products that contain different cos-
timulatory domains with conflicting results. In a pediatric
single-center study with a product using a CD28

costimulatory domain, improved EFS and OS for patients in
MRD-negative CR were seen in those bridged to HSCT.14

Another single-center study in adults that used a different
anti-CD19 CAR T-cell product that also contained a CD28
costimulatory domain found no difference in outcomes for
patients bridged to HSCT versus observation.5 Most pedi-
atric patients treated with tisagenlecleucel, which has a 4-
1BB costimulatory domain, were not bridged to trans-
plantation, and a subset has had durable remissions that
correlate with in vivo functional persistence, although
outcomes by initial bridge to HSCT versus observation are
unknown.3,4 In our study that uses this product for adults,
we performed a landmark analysis and found improved
EFS and OS in recipients of HSCT, although of importance,
durable remissions with observation only were also seen.
Interpretation of these data, including our own, must be
done with caution because the study was not designed to
answer this question and there is likely significant bias that
influences HSCT decisions. The decision to proceed with
HSCT will be individualized by patient age, preferences,
performance status, prior therapies, and cellular product
used. The finding of CAR T-cell persistence or ongoing
B-cell aplasia (which implies functional persistence of CAR
T cells) may further influence this decision.

The promise of CAR T cells will be fully realized when
toxicity management and efficacy are optimized. After
testing different dose levels and schedules, we believe that
a fractionated dosing scheme using CTL019 for adult
patients with r/r ALL allows for adaptive dosing and max-
imizes safety while preserving efficacy. These strategies
now warrant definitive testing in future trials.
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APPENDIX

TABLE A1. Penn Grading System for CRS
Grade Description

1 Mild reaction: treated with supportive care, such as antipyretics and antiemetics

2 Moderate: IV therapies required or parenteral nutrition; some signs of organ dysfunction (ie, grade 2 creatinine or
grade 3 liver function tests) related to CRS and not attributable to any other condition; hospitalization for
management of CRS-related symptoms, including fevers with associated neutropenia

3 More severe reaction: hospitalization required for management of symptoms related to organ dysfunction, including
grade 4 liver function tests or grade 3 creatinine related to CRS and not attributable to any other conditions; excludes
management of fever or myalgias; includes hypotension treated with IV fluids or low-dose pressors, coagulopathy
requiring FFP or cryoprecipitate, and hypoxia requiring supplemental O2 (nasal cannula O2, high-flow O2, CPAP, or
BiPAP); patients admitted for management of suspected infection as a result of fevers and/or neutropeniamay have
grade 2 CRS

4 Life-threatening complications such as hypotension requiring high-dose pressors and hypoxia requiring mechanical
ventilation

5 Death

Abbreviations: BiPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; CRS, cytokine release syndrome; FFP,
fresh frozen plasma; IV, intravenous.
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