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Tisagenlecleucel is a CD19 chimeric antigen receptor (CAR) T-cell therapy approved

for treatment of pediatric and young adult patients with relapsed/refractory acute

lymphoblastic leukemia (ALL) and adults with non-Hodgkin lymphoma (NHL). The initial

experience with tisagenlecleucel in a real-world setting from a cellular therapy registry

is presented here. As of January 2020, 511 patients were enrolled from 73 centers, and

410 patients had follow-up data reported (ALL, n 5 255; NHL, n 5 155), with a median

follow-up of 13.4 and 11.9 months for ALL and NHL, respectively. Among patients with

ALL, the initial complete remission (CR) rate was 85.5%. Twelve-month duration of

response (DOR), event-free survival, and overall survival (OS) rates were 60.9%, 52.4%,

and 77.2%, respectively. Among adults with NHL, the best overall response rate was

61.8%, including an initial CR rate of 39.5%. Six-month DOR, progression-free survival,

and OS rates were 55.3%, 38.7%, and 70.7%, respectively. Grade $3 cytokine release

syndrome and neurotoxicity were reported in 11.6% and 7.5% of all patients,

respectively. Similar outcomes were observed in patients with in-specification and

out-of-specification products as a result of viability ,80% (range, 61% to 79%). This first

report of tisagenlecleucel in the real-world setting demonstrates outcomes with similar

efficacy and improved safety compared with those seen in the pivotal trials.

Introduction

Tisagenlecleucel (Kymriah; Novartis) is a second-generation chimeric antigen receptor (CAR) T-cell
therapy targeting the CD19 antigen expressed on the surface of cells, manufactured from autologous
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Key Points

� Represents the
largest set of safety
and efficacy data for
tisagenlecleucel.

� Outcomes in the real-
world setting are
similar to results in
the pivotal trials.
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T cells transduced to express a 4-1BB costimulatory domain and a
CD3z T-cell activation signaling domain.1 The approval of tisagenle-
cleucel in the United States was based on outcomes seen in chil-
dren and young adults with acute lymphoblastic leukemia (ALL) and
adults with non-Hodgkin lymphoma (NHL).2-4 A better understand-
ing of the safety and efficacy outcomes of patients receiving tisa-
genlecleucel outside of a clinical trial remains crucial to the care of
these patients.

The manufacturing cycle of tisagenlecleucel starts with cell collec-
tion by leukapheresis and cryopreservation at the treatment center,
transportation to a central facility, activation of T cells using CD3/
CD28 antibody–coated beads, transduction with a lentiviral vector
containing the CAR construct, expansion of the cell population,
product release according to a set of criteria, cryopreservation, and
transportation back to centers.5 Before tisagenclecleucel release,
required product specifications are assessed. These include prod-
uct viability, cell dose, CAR expression, demonstration of CAR T-cell
interferon-g release assays for potency, and routine microbiologic
clearance.6 Manufacturing CAR T cells is a challenging process,
and although some products that do not meet specifications,
termed out of specification (OOS), might be considered safe to
infuse, it is unclear whether the outcomes resulting from their use
are similar to those from in-specification products.

Transduction of T cells with a lentiviral vector could potentially result
in long-term oncogenic effects, and this is the basis for follow-up of
recipients for 15 years to assess the late effects and risk of subse-
quent primary malignancies (SPMs) that could be attributed to CAR
T cells.7 In North America, long-term follow-up is a postmarket
requirement (PMR), structured as a prospective, multicenter, obser-
vational study with a planned accrual goal of 2500 patients. The
Center for International Blood and Marrow Transplant Research
(CIBMTR) has a long-established outcomes database for hemato-
poietic cell transplantation (HCT), and it more recently established a
robust non-HCT cellular therapy (CT) registry. This standardized
approach for data collection on CAR T-cell recipients is now used
for capturing outcomes of tisagenlecleucel in the real-world setting.
This report provides data on 410 patients receiving commercial tisa-
genlecleucel in the real-world setting and an early analysis of safety
and efficacy outcomes, with an assessment of manufacturing
parameters on those outcomes.

Methods

Data sources

The CIBMTR is a research collaboration between the Medical Col-
lege of Wisconsin and the National Marrow Donor Program/Be The
Match that developed infrastructure for collection of data on non-
HCT cellular therapies. Additionally, the CIBMTR operates the
National Cancer Institute–funded Cellular Immunotherapy Data
Resource, with the objective of collecting, processing, and sharing
data on cellular therapies for treatment of cancer. Cellular therapy
data for any CAR T-cell recipient are collected longitudinally from
130 participating centers in the United States and Canada. The
CIBMTR assures data quality by a multistage error check, on-site
data audits, and metrics for on-time data reporting by participating
centers. Data use for research is defined according to a data shar-
ing protocol review by local ethics committees, and all participants
sign informed consent to share data with the CIBMTR. The

tisagenlecleucel PMR study was reviewed and approved by the
institutional review board of the National Marrow Donor Program/Be
The Match.

For all tisagenlecleucel infusions with a valid batch identification
number available within the CIBMTR, specification parameters, such
as cell dose and viability for the final product, were obtained from
the Novartis manufacturing database.6 The clinical outcomes and
final product attributes were linked using a unique tisagenlecleucel
batch number.

Patients and study design

In this noninterventional prospective study, patients who received
tisagenlecleucel for an approved indication (ie, relapsed/refractory
pediatric/young adult ALL or adult NHL) after 30 August 2017
(date of first approval of tisagenlecleucel) in the United States or
Canada were eligible. Clinical data on tisagenlecleucel were
reported by treatment centers to the CIBMTR, and manufacturing
attributes of tisagenlecleucel were provided by Novartis. The data
collection forms can be found on the CIBMTR Web site.8 The main
outcomes analyzed included the incidence and severity of cytokine
release syndrome (CRS) and immune effector cell–associated neu-
rotoxicity syndrome (ICANS), type and frequency of SPMs, hemato-
logic recovery (neutrophils and platelets), overall response rate
(ORR), duration of response (DOR), event-free survival (EFS),
progression-free survival (PFS), and overall survival. CRS was deter-
mined by the reporting center using the American Society of Trans-
plant and Cellular Therapy (ASTCT) grading criteria and based on
the most severe manifestation occurring during the reporting
period.9 ICANS was graded according to the ASTCT criteria and
based on the neurologic manifestations related to tisagenlecleucel
therapy. Among patients with ALL, complete remission (CR) was
assessed based on achievement of a complete morphologic
response (,5% blasts), and minimal residual disease (MRD) status
was described when available. Among patients with NHL, disease
response was assessed by the treating physician based on either
computed tomography or positron emission tomography scan. If
both were available, the positron emission tomography scan was
used. DOR was defined as time from the date of first CR or partial
remission (PR) to the date of progression, relapse, or death resulting
from underlying disease. EFS among patients with ALL was defined
from time from tisagenlecleucel infusion to death resulting from any
cause, relapse, or treatment failure (failure to achieve remission,
including death without remission), whichever occurred first. PFS in
NHL patients was defined as time from tisagenlecleucel infusion to
disease progression or death resulting from any cause. Patients
were censored at the time of other anticancer therapy, including
HCT, for both EFS and PFS. OS was defined as time from tisagen-
lecleucel infusion to death resulting from any cause. Neutrophil or
platelet recovery was defined as achievement of absolute neutrophil
count .500/mm3 or platelet count .203109/L. Prolonged cyto-
penia was defined as the lack of recovery of blood counts above
the defined threshold within 30 days from CAR T-cell infusion.

Cell viability and cell dose were the final product release parameters
included in our analyses. Cell viability is the percentage of viable
T cells in the final product, and the release specification is $80% in
the United States. Cell dose is the total number of CAR1 viable
T cells. Release specifications were as follows: for ALL, 0.23106

to 5.03106 CAR1 viable T cells per kilogram of body weight,
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if weight #50 kg, and 0.13108 to 2.53108 CAR1 viable T cells
if weight .50 kg; for NHL, 0.63108 to 6.03108 CAR1 viable T
cells. A batch was considered OOS if any of these release parame-
ters did not meet the specifications.

Analysis set

Because study enrollment is ongoing, each data freeze includes
patients with different follow-up times. The cellular registry captures
data on efficacy and safety in separate forms, and the numbers of
patients with complete information may differ. Figure 1 shows the
CONSORT diagram with all patients enrolled by the time of the data
freeze, but for the analysis, only patients infused and with completed
3-month post-CT follow-up forms were included (n 5 410; 70% of
total recipients of tisagenlecleucel). Additionally, for efficacy end
points, only patients with information on disease outcomes were
included (n 5 401). Lastly, the manufacturing data set includes
patients with available batch numbers in the registry database, allow-
ing retrieval of tisagenlecleucel manufacturing parameters.

Statistical analysis

Data analysis was based upon a data freeze on 23 January 2020.
Descriptive statistics were used for baseline data on all patients,
including demographic and disease characteristics. Numbers and
percentages of safety events after the first infusion were summarized
descriptively. ORRs by indication were defined as rates of best dis-
ease response of CR for ALL and CR/PR for NHL, as recorded after
tisagenlecleucel infusion until progressive disease or start of new
anticancer therapy, whichever occurred first. ORRs were summarized
along with 2-sided exact Clopper-Pearson confidence intervals (CIs).

OS, PFS, EFS, and DOR were summarized using Kaplan-Meier esti-
mates. The event-free probabilities at 12 and 6 months with 95% CIs
were determined for ALL and NHL, respectively, based on the num-
ber of patients at risk. The frequencies and types of SPMs were sum-
marized, and the incidence rates per patient-year were calculated.

The relationship of cell viability and cell dose with clinical end points
of safety (any-grade CRS or ICANS within 100 days) and best over-
all response (BOR) was assessed using logistic regression for ALL
(separately for weight #50 and .50 kg) and NHL patients, respec-
tively. ORs with 95% CIs were determined for 10% increase in cell
viability and doubling of cell dose, respectively. Potential confound-
ing effects of covariate fields, namely bone marrow blasts before
tisagenlecleucel infusion (for ALL) and disease status at tisagenle-
cleucel infusion, were also studied. In addition, selected clinical effi-
cacy and safety end points were compared between patients who
received products with cell viabilities ,80% and $80%. SAS soft-
ware package was used for data analyses.

Results

Demographics

At the time of data freeze, a total of 511 appropriately enrolled
patients in the PMR study (Figure 1) and 410 patients treated in 73
centers in North America had available safety follow-up data to be
included in the analysis. Characteristics of tisagenlecleucel recipi-
ents, along with numbers and percentages of patients comprising
relevant subgroups for ALL and NHL, are listed in Table 1, respec-
tively. Median time from ALL diagnosis to CAR T-cell infusion was
32 months. At the time of tisagenlecleucel infusion, 81.3% had

Figure 1. CONSORT diagram. 1, patients without the

complete set of baseline forms were excluded; 2, infusion

set is the cohort with complete baseline information at the

time of data freeze; 3, identifiable tisagenlecleucel batch

numbers with available product characteristics; 4, analysis

set defined as patients with available follow-up forms after

tisagenlecleucel with information related to safety and effi-

cacy outcomes.
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detectable disease morphologically or by flow cytometry, and of the
patients in CR (n 5 95), 50 (53%) were MRD1, 44 (46%) were
MRD2, and 1 had no MRD assessment reported. Forty-six patients
(18%) had poor cytogenetics before tisagenlecleucel infusion,
including Philadelphia chromosome positivity, t(4:11), t(8:14), mixed

lineage leukemia, intrachromosomal amplification of chromosome
21, hypodiploidy, and complex cytogenetics. Median blast percent-
age in bone marrow before infusion was 2% (range, 0% to 100%);
28% of patients had no marrow blasts, 20% had 0% to ,5% mar-
row blasts, and 33% had $5% marrow blasts before tisagenlecleu-
cel. Of the patients with .5% marrow blasts at time of infusion,
median blast percentage was 48% (range, 6% to 100%). Twenty-
eight percent of patients had undergone prior allogeneic HCT, and
14.9% and 10.6% had received prior blinatumomab or inotuzumab,
respectively. Median time from NHL diagnosis to CAR T cells was
16 months; 94.8% of patients had primary refractory or relapsed
disease, and 68% had no response to the last line of therapy.
Median size of the largest nodal mass before CAR T-cell infusion
was 9.5 cm2. Eleven percent of patients had double- or triple-hit
lymphoma, and 29% had undergone prior HCT, primarily with autol-
ogous stem cells. The most common lymphodepleting chemother-
apy regimen was fludarabine and cyclophosphamide for both
indications, and 9% of patients with NHL had received a
bendamustine-based regimen. Median follow-up of patients with
ALL and NHL was 13.4 and 11.9 months, respectively.

Relapsed/refractory ALL

CRS and ICANS. Overall, 55% of patients had CRS (Table 2).
Grade $3 CRS was reported for 16.1% of patients, including 1
death resulting from CRS. Overall, 25% of patients received tocilizu-
mab and 6% of patients received corticosteroids alone or in combi-
nation with tocilizumab (Figure 2A). Among patients with CRS, 45%
received tocilizumab and 10.7% received corticosteroids. Support-
ive care for patients with CRS included fluid boluses in 37.9%,
vasopressor treatment in 22.1%, supplemental oxygen in 30%, and
positive pressure ventilatory support in 9.3%. Overall, 27% of

Table 1. Demographic/baseline information for all patients who

received tisagenlecleucel and unique subgroups within

recipients with ALL- and NHL-specific characteristics

ALL (n 5 255) NHL (n 5 155)

Age at infusion, y

Median 13.2 65.4

Range 0.41-26.17 18.45-88.99

Sex, n (%)

Male 150 (58.8) 91 (53.5)

Female 105 (41.2) 64 (41.3)

Disease status at time of cellular therapy infusion, n (%)

Primary refractory/relapsed 159 (62.3) 147 (94.8)

CR 95 (37.2) 7 (4.5)

Unknown 1 (0.5) 1 (0.7)

No. of prior therapies

Median 3 4

Range 0-15 0-11

Prior HCT, n (%)

Allogeneic 71 (27.8) 5 (3.2)

Autologous 1 (0.4) 40 (25.8)

Both 1 (0.4) 1 (0.6)

Karnofsky/Lansky performance status before

cellular therapy, n (%)

90-100 174 (68.2) 58 (37.4)

80 37 (14.5) 48 (31)

,80 31 (12.2) 31 (20)

Not reported 13 (5.1) 18 (11.6)

Time from leukapheresis acceptance to infusion, d

Median 33 31.5

Range 21-91 22-130

Time of follow-up since infusion, mo

Median 13.4 11.9

Range 3.5-27.9 3.8-19.0

ALL-specific characteristics, n (%)

Age ,3 y 15 (5.9) —

Down syndrome 12 (4.7) —

Prior CNS involvement 24 (9.4) —

Prior blinatumomab 38 (14.9) —

Prior inotuzumab 27 (10.6) —

MRD2 before infusion 44 (17.3) —

NHL-specific characteristics, n (%)

Age $65 y — 83 (53.5)

Double/triple hit — 17 (11)

Transformed lymphoma — 42 (27.1)

CNS, central nervous system.

Table 2. Comparison of safety outcomes of CIBMTR with those of

ELIANA and JULIET trials

ALL NHL

End point

CIBMTR

(n 5 255)

ELIANA

(n 5 79)

CIBMTR

(n 5 155)

JULIET

(n 5 115)

CRS

Any, n (%) 140 (54.9) 61 (77.2) 70 (45.2) 66 (57.4)

Grade $3, n (%) 41 (16.1) 38 (48.1) 7 (4.5) 26 (22.6)

Time to onset, d

Median 6 7 4 3

Range 1-27 2-20 1-14 1-17

Duration, d

Median 7 4 5 12

Range 1-76 1-64 1-33 1-85

Neurotoxicity

Any, n (%) 69 (27.1) 31 (39.2) 28 (18.1) 23 (20.0)

Grade $3, n (%) 23 (9.0) 10 (12.7) 8 (5.1) 13 (11.3)

Time to onset, d

Median 7 8 8 6

Range 1-80 2-489 2-33 1-323

Duration, d

Median 7 7 6.5 13

Range 1-94 1-50
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patients had ICANS (Figure 2D). Grade $3 ICANS was reported in
9.0% of patients. Among patients with ICANS, the most common
symptoms of neurotoxicity included depressed consciousness
(47.8%), tremors (21.7%), seizure (18.8%), hallucinations (17.4%),
and dysphasia/aphasia (15.9%). Overall, ICANS was treated with
corticosteroids in 6% of patients (Figure 2C). Among patients with
ICANS, corticosteroids were used in 21.7%. Fifty-five patients
(22%) underwent allogeneic HCT after CAR T-cell therapy; 34 of
these transplantations were performed in remission as a consolida-
tion approach and 21 were performed as treatment for disease
relapse. Subgroup analyses of children ,3 years of age, patients
who had prior therapy with blinatumomab or inotuzumab, and
patients with prior central nervous system involvement are summa-
rized in supplemental Table 2A.

The cumulative incidences of neutrophil recovery at 28 and 100
days were 75% and 91%, respectively; corresponding cumulative
incidences for platelet recovery were 79% and 89%, respectively.
At 30 days after CAR T-cell infusion, 22% and 18% of patients
experience prolonged neutropenia and thrombocytopenia. Regard-
ing long-term safety outcomes, subsequent neoplasms were
reported in 6 patients (2.4%), including acute myeloid leukemia and
myelodysplastic syndrome (MDS) in 4 and 2 patients, respectively
(supplemental Table 3). The cases of acute myeloid leukemia were
confirmed as relapsed ALL with lineage switch, and 3 of these
patients had confirmed mixed lineage leukemia rearrangement
detected before tisagenelecleucel. One of the patients with MDS

had reported Li-Fraumeni as a baseline genetic abnormality. No
pregnancies were reported among female patients, nor among part-
ners of male patients. Additional safety end points are included in
the data supplement (supplemental Table 3).

ALL efficacy outcomes. The complete remission rate was
85.5% (Table 3). Among the 116 patients in CR evaluated for
MRD, 115 (99.1%) were MRD2. In subgroups of patients age ,3
years, receiving prior treatment with blinatumomab, and with prior
central nervous system involvement, the complete remission rates
were similar at 86.7%, 78.4%, and 82.6%, respectively (supplemen-
tal Table 2A). Twelve-month DOR, EFS, and OS rates were 60.9%,
52.4%, and 77.2%, respectively (Figure 3A-C). Among patients in
CR, 34 (16.1%) went on to undergo HCT while in remission.

Relapsed/refractory NHL

CRS and ICANS. Overall, 45% of patients had CRS. Severe
grade $3 CRS was infrequent (4.5%; Table 2). Two patients died
as a result of disease progression, with CRS as a contributing fac-
tor. Overall, tocilizumab treatment was used in 19% of patients and
corticosteroids in 5% (Figure 2B). Among patients with CRS, tocili-
zumab was used in 42.9% and corticosteroids in 10%. Supportive
care for patients with CRS included fluid boluses in 32.9%, vaso-
pressor treatment in 4.3%, supplemental oxygen in 18.6%, and pos-
itive pressure ventilatory support in 5.7%. Overall, 18% of patients
had ICANS (Figure 2D). Grade $3 ICANS was uncommon (5.1%).

Figure 2. Safety outcomes among patients treated with tisagenlecleucel. CRS (A-B) and ICANS (C-D) by disease: ALL (A,C) and NHL (B,D).
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Overall, corticosteroids were used in 9% of patients for ICANS (Fig-
ure 2D). Among patients with ICANS, corticosteroids were used in
50%. The most common symptoms of neurotoxicity included
depressed consciousness (39.2%) and dysphasia/aphasia (25%).
A similar safety profile was noted for patients with double- or triple-
hit lymphoma and patients $age 65 years (supplemental Table 2B).

Cumulative incidences of neutrophil recovery at 28 and 100 days
were 93% and 97%, respectively; corresponding cumulative inci-
dences for platelet recovery were 86% and 89%, respectively. At
day 30 after CAR T-cell therapy, 5% and 13% of patients had pro-
longed neutropenia and thrombocytopenia. Subsequent neoplasms
were reported in 6 patients (3.9%), with an exposure-adjusted event
rate of 0.08 events per 100 person-years (supplemental Table 3).
These malignancies included basal cell carcinoma (n 5 1), genito-
urinary malignancy (n 5 2), MDS (n 5 1), B-cell ALL (n 5 1), and
cholangiocarcinoma (n 5 1). No pregnancies were reported among
female patients, nor among partners of male patients. Additional
safety end points are included in the data supplement (supplemental
Table 3).

NHL efficacy outcomes. The ORR was 61.8%, including CR
in 39.5% and PR in 22.4% of patients (Table 3). Among patients
with double- or triple-hit lymphoma and patients age $65 years,
response rates were similar to those of the overall population at

70.6% and 61.7%, respectively (supplemental Table 2B). The
6-month DOR, PFS, and OS rates were 55.3%, 38.7%, and
70.7%, respectively (Figure 3D-F).

Tisagenlecleucel final product attributes

Among the analysis set, a batch number was available for 383
patients (Figure 1). Median time from leukapheresis acceptance to
infusion was 32 days (range, 21-130 days). Median tisagenlecleucel
doses for ALL (,50 kg) were 2.03106 CAR1 viable T cells per kilo-
gram; for ALL (.50 kg), 0.93108 CAR1 viable T cells; and for
NHL, 1.83108 CAR1 viable T cells. Median cell viabilities were
87.1% (range, 66.7% to 96.8%) and 83.8% (range, 61.4% to
94.9%) for patients with ALL and NHL, respectively. The commercial
products in the registry had lower median doses and viabilities com-
pared with the products in the pivotal trials (supplemental Figure 1).

Logistic regression for BOR and CRS vs CAR T-cell dose infused
in patients with ALL and NHL is shown in Figure 4A-F. For patients
with ALL and weight #50 kg, the unadjusted cell dose response
logistic regression analyses indicated no apparent impact of dose
on BOR (OR, 1.32; 95% CI, 0.64-2.7) or CRS (OR, 1.57; 95% CI,
0.90-2.74; Figure 4A-B). Similarly, for patients with ALL and weight
.50 kg, the OR of BOR was 1.63 (95% CI, 0.96-2.79); for CRS,
the OR was 0.93 (95% CI, 0.58-1.49; Figure 4C-D). Adjusted anal-
yses for BOR according to bone marrow blasts (,5% vs $5%;
OR, 1.62; 95% CI, 0.87-3.00) and disease status (CR vs non-CR)
at infusion (OR, 1.62; 95% CI, 0.91-2.87) demonstrated similar
results (data not shown).

For NHL, the logistic regression analyses showed that by doubling
the dose, the OR for BOR was 1.31 (95% CI, 0.761-2.24); for
CRS, the OR was 2.874 (95% CI, 1.508-5.478; nominal P 5 .001;
Figure 4C-D). Adjusting for disease status (CR/PR vs resistant) at
infusion showed similar results (data not shown).

For ALL, 13.5% of patients received products with cell viability
,80% (1% had ,70%); all products had cell counts within the
approved dosing range (supplemental Figure 1). For NHL, 31%
patients received products with cell viability ,80% (1.9% had
,70%). One product had both viability ,80% and CAR T-cell
dose below the approved range. An additional 2 products had cell
viability $80% but did not meet release criteria, because cell counts
were not within the approved dosing range (1 above and 1 below;
supplemental Figure 1). The BORs for patients with ALL who
received a batch with cell viability ,80% vs $80% were 94% and
84%, respectively (Table 4). The ORRs for patients with NHL who
received a batch with cell viability ,80% vs $80% were 52% and
65%, respectively (Table 4).

Discussion

This report represents the largest published series of patients with
ALL and NHL treated with tisagenlecleucel and is the only commer-
cial CAR T-cell therapy analysis incorporating product specification
data. The CT registry already provides data on more than twice the
number of patients as the registration trials. Although median follow-
up is shorter in the PMR study compared with the pivotal trials,
there now exists substantial experience in the short-term follow-up
safety and efficacy outcomes of tisagenlecleucel.

This report demonstrates that in the real-world setting, efficacy of
tisagenlecleucel for ALL and NHL are comparable to that in the

Table 3. Comparison of efficacy outcomes of CIBMTR with those

of ELIANA and JULIET trials

End point CIBMTR, % (95% CI) Pivotal trial, % (95% CI)

CIBMTR vs ELIANA (n 5 249) (n 5 79)

BOR of CR 85.5 (80.6-89.7) 82.3 (72.1-90.0)

MRD2 99.1 (n 5 115/116)
(95.3-100)

100.0 (n 5 64/64)
(94.4-100)

DOR

At 6 mo 78.1 (70.5-84.0) 80.8 (68.0-88.9)

At 12 mo 60.9 (49.4-70.5) 67.4 (53.2-78.1)

EFS

At 6 mo 68.6 (62.0-74.4) 71.7 (59.8-80.6)

At 12 mo 52.4 (43.4-60.7) 57.2 (44.5-68.0)

OS

At 6 mo 88.5 (83.6-92.0) 88.6 (79.3-93.9)

At 12 mo 77.2 (69.8-83.1) 77.1 (66.1-84.9)

CIBMTR vs JULIET (n 5 152) (n 5 115)

ORR (CR 1 PR) 61.8 (53.6-69.6) 52.2 (42.7-61.6)

BOR of CR 39.5 (31.6-47.7) 38.3 (29.4-47.8)

DOR

At 6 mo 55.3 (42.2-66.6) 66.6 (52.8-77.3)

At 12 mo 48.4* (33.9-61.5) 62.7 (48.7-73.9)

PFS

At 6 mo 38.7 (30.5-46.9) 39.0 (29.7-48.2)

At 12 mo 26.4* (17.2-36.6) 34.7 (25.7-43.9)

OS

At 6 mo 70.7 (62.2-77.6) 61.2 (51.6-69.5)

At 12 mo 56.3 (44.2-66.8) 48.2 (38.6-57.1)

*Less than 10 patients at risk at this time point.
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pivotal ELIANA and JULIET trials. The short-term efficacy noted in
response rates and 6-month estimates of time-to-event end points
(ie, DOR, EFS/PFS, and OS) shows similarity to that in the pivotal
trials (Tables 2 and 3). Admittedly, long-term results of time-to-event
end points need more time to mature.

The patient population in the PMR study reflects the real-time use of
CAR T-cell therapy, and important differences were observed com-
pared with the cohort of patients enrolled in the pivotal trials (sup-
plemental Table 1A-B). Previous reports have suggested that
eligibility criteria for organ function, age, and prior therapy are less
restrictive in the real-world setting than in the tisagenlecleucel regis-
tration trials.10 Children ,3 years of age were not included in the
pivotal tisagenlecleucel trial; however, almost 6% of the ALL cohort
in our study were age ,3 years. Prior treatment with allogeneic

HCT was less frequent among patients in this study compared with
the pivotal ALL trial (28% vs 61%). Primary refractory patients were
more common in the registry than the pivotal trials (15% vs 8%),
although median number of prior therapies was comparable among
patients in the registry and pivotal trial (median, 3). Among adults
with NHL, median age was older (65 vs 56 years) in the registry
compared with the pivotal trial. Additionally, fewer patients under-
went autologous stem cell transplantation befor tisagenlecleucel in
the registry (26% vs 49%). Differences in baseline tumor burden
were difficult to compare because of the disparity in collection tim-
ing (before and after bridging and lymphodepleting chemotherapy).
Finally, the use of bendamustine as lymphodepleting chemotherapy
was less frequent in the registry compared with the pivotal trial (9%
vs 20%).4 In summary, there were notable differences in age groups
and number of patients undergoing HCT before tisagenlecleucel

Figure 3. Efficacy outcomes for recipients of tisagenlecleucel. DOR (A), EFS (B) and OS (C) in patients with ALL, and DOR (D), PFS (E), and OS (F) in patients

with NHL. CRi, CR with incomplete hematologic recovery; NE, not evaluable.
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Figure 4. Correlation of cell product release specifications with clinical outcome. Logistic regression of BOR (A,C,E) and CRS (B,D,F) vs dose for ALL #50 kg

(A-B), ALL .50 kg (C-D), and NHL (E-F).
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among patients entered into the registry compared with pivotal trials
for both ALL and NHL.

The regulatory approval of tisagenlecleucel in the United States,
similar to other CAR T cells, required additional safeguards in addi-
tion to the PMR study, including the implementation of a Risk Evalu-
ation and Mitigation Strategy (REMS) program to track and mitigate
the key effects of CRS and ICANS.2 REMS, different than the PMR
study, is mandatory for any prescriber or treatment center. A REMS
program provides a framework to mitigate the risks of CRS and
ICANS by certifying hospitals, clinics, prescribers, and ancillary staff
with training for these adverse effects and requires immediate
access to tocilizumab. The CIBMTR CT registry collects the neces-
sary information to fulfill REMS requirements. Because a majority of
cases of CRS and neurotoxicity occur within the first 1 to 2 weeks,
the current data on .400 patients, with a median follow-up of �1
year, represent a substantial snapshot of the utility of the REMS pro-
gram. Although grading scales are not identical between the registry
and pivotal trials, the ASTCT grading scale is similar to the Univer-
sity of Pennsylvania CRS grading scale used in the pivotal trials,
allowing rough comparison.11 The overall rate and incidence of
grade $3 CRS seemed lower among patients in the real-world set-
ting captured by the registry compared with the pivotal trials (Table
2). However, it is notable that for ALL, 95 patients were in CR
(37.2%), including 44 who were MRD2, highlighting an overall
lower disease burden that might have contributed to the differences
in rates of toxicity. The use of tocilizumab seemed less frequent in
pediatric ALL patients (24% vs 37%) and comparable in NHL
patients (19% vs 14%) compared with the pivotal trials.3,4 Similarly,
the overall rate and incidence of grade $3 ICANS seemed lower
among registry patients than the pivotal trial patients (Figure 2D).
The registry data indicate that toxicity is tolerable when tisagenle-
cleucel is administered with a REMS program.

CAR T-cell manufacturing is technically challenging. Most manufac-
tured products fall within a narrow specification for cell count, viabil-
ity, potency, and sterility. Some manufactured products do not meet
full specifications but can and have been administered to patients
with limited treatment options. The CIBMTR CT registry collects the
same data for these patients, providing the opportunity to evaluate
critically the utility of OOS products. Interestingly, a majority of
OOS products are designated as such because of viability ,80%.
The product viability in the pivotal trials of commercial

tisagenlecleucel was $70%; however, in the United States, it must
be $80% per US Food and Drug Administration regulations. The
viability of OOS products within the PMR study ranged from 61%
to 79%. Supplemental Figure 1 highlights the differences in dose
and viability between commercial tisagenlecleucel and products
used in the pivotal trials, with commercial products having lower
doses and viabilities (supplemental Data). For patients with ALL and
NHL, there has not seemed to be an association between viability
and inferior survival in prior studies.12,13 This PMR study of tisagen-
lecleucel also showed similar efficacy as well as toxicity between
products with viabilities of ,80% and $80% for both ALL and
NHL (Table 4).

The dose range of tisagenlecleucel was approved based on the piv-
otal trials, in the absence of formal dose finding first-in-human studies.
Preclinical data suggest a threshold dose of tisagenlecleucel for effi-
cacy.14 In the pivotal and supportive trials of tisagenlecleucel in
patients with ALL, logistic regression analysis showed an increasing
probability of response with dose.15 Modeling predicted a lower
response rate for patients treated with the lowest doses compared
with the overall population.16 No dose-response or dose-expansion
relationship was observed among patients with NHL in the tisagenle-
cleucel pivotal trial.4,17 In this study, there was no significant associa-
tion between cell dose and disease response among patients with
ALL. In patients weighing .50 kg, there was a possible association,
which will need to be further investigated with a larger number of
patients. Similar to the pivotal clinical study in NHL patients, the logis-
tic regression analyses suggested an increasing rate of CRS with
increases in the dose. The baseline tumor burden data were not avail-
able in this study to evaluate as a confounder; however, previous
analyses from the pivotal clinical study demonstrated a relationship
between high tumor burden and worsened severity of CRS.18

Established CIBMTR collaboration with hematopoietic stem cell
transplantation centers, where most of these therapies are currently
used, allowed the rapid implementation of this PMR study. This regu-
latory requirement is directed to the manufacturer. Data collection is
voluntary, and patients need to sign an informed consent for data
sharing with the CIBMTR. At time of the data freeze for this analysis,
it was estimated that a little .50% of all tisagenlecleucel shipped to
US centers was included in this study. Some of the limitations of the
registry include: differences in data collection compared with the piv-
otal trials (eg, timing of efficacy assessments), lack of inclusion of

Table 4. Correlation of cell viability–based OOS threshold of 80% and outcomes by disease

ALL, % (95% CI) NHL, % (95% CI)

<80% viability (n 5 33) �80% viability (n 5 212) <80% viability (n 5 43) �80% viability (n 5 94)

ORR (CR 1 PR) — — 52% (36.4-68.0) 65 (54.6-74.9)

BOR of CR 94 (79.2-99.2) 84 (78.3-88.8) 31 (17.6-47.1) 43 (33.2-54.2)

MRD2 100 (81.5-100) 99 (94.0-100) — —

DOR at 6 mo 79 (54.6-90.9) 79 (70.8-85.5) 43 (18.8-64.5) 59 (42.4-72.4)

EFS/PFS at 6 mo* 80 (60.5-90.4) 68 (60.3-74.0) 29 (16.2-43.7) 42 (31.2-52.3)

OS at 6 mo 93 (74.6-98.2) 88 (83.1-92.2) 70 (53.5-82.1) 71 (60.3-79.9)

CRS grade $3 21 (9.0-38.9) 15 (10.2-20.1) 2 (0.1-12.3) 5 (1.7-12.0)

Neurotoxicity grade $3 15 (5.1-31.9) 8 (4.7-12.5) 5 (0.6-15.8) 5 (1.7-12.0)

*EFS for ALL; PFS for NHL.
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patients considered for tisagenlecleucel therapy but not receiving
infusion (eg, adverse event precluding treatment or death), difficult
ascertainment of bridging chemotherapy, and lack of B-cell aplasia
data or information related to CD192 relapses. As the field of CAR T
cells evolves, optimizing data collection will fill some of these initial
identified gaps. Balancing the collection of enough information to
understand important efficacy and safety outcomes without increas-
ing burden at the treatment sites is fundamental for building a CT reg-
istry to be a resource to the biomedical community.

This report provides the largest set of data for patients treated with
tisagenlecleucel. The differences in the real-world patient population
treated in the registry compared with the patient selection in the piv-
otal trials highlight the need for more generalizable real-world data in
addition to those from clinical trials. As accrual continues up to 2500
patients followed for 15 years, this PMR study is well positioned to
continue to yield important insights into the use of tisagenlecleucel.
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