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KEY PO INT S

l Baseline platelet
count, lactate
dehydrogenase, and
lymphodepletion
regimen impact EFS in
patients in MRD-
negative CR after
CD19 CAR T-cell.

l Allogeneic HCT after
CD19 CAR T-cell
therapy is well
tolerated and may
improve EFS.

Autologous T cells engineered to express a CD19-specific chimeric antigen receptor (CAR)
have produced impressive minimal residual disease–negative (MRD-negative) complete
remission (CR) rates in patients with relapsed/refractory B-cell acute lymphoblastic leu-
kemia (B-ALL). However, the factors associated with durable remissions after CAR T-cell
therapy have not been fully elucidated. We studied patients with relapsed/refractory
B-ALL enrolled in a phase 1/2 clinical trial evaluating lymphodepletion chemotherapy
followed by CD19 CAR T-cell therapy at our institution. Forty-five (85%) of 53 patients
who received CD19 CAR T-cell therapy and were evaluable for response achieved MRD-
negative CR by high-resolution flow cytometry. With a median follow-up of 30.9 months,
event-free survival (EFS) and overall survival (OS) were significantly better in the patients
who achieved MRD-negative CR compared with those who did not (median EFS, 7.6 vs
0.8 months; P < .0001; median OS, 20.0 vs 5.0 months; P5 .014). In patients who achieved
MRD-negative CR by flow cytometry, absence of the index malignant clone by IGH deep
sequencing was associated with better EFS (P5 .034). Stepwise multivariable modeling in

patients achieving MRD-negative CR showed that lower prelymphodepletion lactate dehydrogenase concentration
(hazard ratio [HR], 1.38 per 100 U/L increment increase), higher prelymphodepletion platelet count (HR, 0.74 per
50000/mL increment increase), incorporation of fludarabine into the lymphodepletion regimen (HR, 0.25), and allo-
geneic hematopoietic cell transplantation (HCT) after CAR T-cell therapy (HR, 0.39) were associated with better
EFS. These data allow identification of patients at higher risk of relapse after CAR T-cell immunotherapy who might
benefit from consolidation strategies such as allogeneic HCT. This trial was registered at www.clinicaltrials.gov as
#NCT01865617. (Blood. 2019;133(15):1652-1663)

Introduction
Relapsed/refractory acute lymphoblastic leukemia (ALL) in adult
patients is associated with a dismal outcome, with low complete
remission (CR) rates and short event-free survival (EFS) after
salvage chemotherapy.1-5 Phase 1/2A single-center trials in
pediatric and adult patients with relapsed/refractory B-cell ALL
(B-ALL) have demonstrated that lymphodepletion chemother-
apy followed by infusion of autologous chimeric antigen re-
ceptor (CAR) T cells targeting CD19 produces minimal residual
disease (MRD)–negative CR rates of 63% to 93%.6-12 The US
Food and Drug Administration has approved a CD19-specific
CAR T-cell product, tisagenlecleucel, for use in pediatric and
young adult patients with relapsed/refractory B-ALL.9,13

Although the MRD-negative CR rates after CAR T-cell therapy
are impressive, reports on the durability of these responses are
limited. The duration of response may be affected by the in vivo
kinetics of CAR T-cell expansion and persistence, which likely
differ in patients treated with CD19 CAR T cells engineered with
a CAR containing either a 4-1BB or CD28 costimulatory domain.14,15

A recent study that reported outcomes in adults treated with CD19
CAR T cells in which the CAR contained a CD28 costimulatory
domain demonstrated that 50% of patients with MRD-negative
CR relapsed after CAR T-cell infusion.10 In addition, a study in
pediatric patients who received T cells engineered with a CD19
CAR incorporating a 4-1BB costimulatory domain showed that
33% of patients relapsed after achieving CR in response to CAR
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T-cell infusion.9 Multivariable analyses of factors that have an
impact on the duration of response were not reported in either
of these studies. Clinical characteristics and biomarkers that
are associated with durable EFS need to be identified so that
patients who are at greater risk of relapse after CD19 CAR T-cell
immunotherapy can be identified and can benefit from con-
solidation strategies such as allogeneic hematopoietic cell
transplantation (HCT) or alternative approaches such as bispe-
cific CAR T-cell immunotherapy.16

We have previously reported a high rate of MRD-negative CR
(93%) in adult patients with relapsed/refractory B-ALL treated
with lymphodepletion chemotherapy followed by infusion of
CD19 CAR T cells with a 4-1BB costimulatory domain formulated
in a defined CD4:CD8 1:1 ratio.6 Here, we report the long-term
follow-up of adult B-ALL patients treated with CD19 CAR T cells
and analysis of factors associated with durable EFS.

Patients and methods
Patient and treatment characteristics
Factors that have an impact on antitumor response and EFS were
evaluated in adults (age 18 years or older) with relapsed/refractory
B-ALL enrolled in a phase 1/2 clinical trial at our institution that
evaluated lymphodepletion chemotherapy followed by infusion
of CD19 CAR T cells. The design of the CAR transgene and CAR
T-cell manufacturing from CD41 T cells and either bulk or central
memory–enriched CD81 T cells has been previously described.6

The CAR was composed of a CD19-targeting single-chain vari-
able fragment (scFv) derived from the FMC63 monoclonal
antibody fused to an immunoglobulin-G4 (IgG4) hinge region,
CD28 transmembrane domain, 4-1BB costimulatory domain,
and a CD3z signaling sequence. The CAR was separated by
a T2A ribosomal skip sequence from a truncated human epi-
dermal growth factor receptor (EGFRt), which allowed precise
enumeration of transduced CAR T cells by flow cytometry.17

Patients in the clinical trial were eligible for analysis of factors that
had an impact on response and EFS if they had leukemia in the
marrow identified by flow cytometry and/or extramedullary disease
before CAR T-cell infusion and had receivedCAR T cells at or below
the previously determinedmaximum tolerated dose of 23 106 CAR
T cells per kg. Patients received lymphodepletion chemotherapy
consisting of a cyclophosphamide-based regimen with or without
fludarabine (supplemental Table 1 available on the BloodWeb site)
followed 2 to 4 days later by infusion of CD19 CAR T cells for-
mulated in a 1:1 ratio of CD41:CD81CAR T cells and infused at 1 of
2 dose levels (DLs; DL1, 2 3 105 CAR T cells per kg; DL2, 2 3 106

CART cells per kg). The defined 1:1 ratio ofCD41:CD81CART cells
for infusion was selected to improve uniformity and maximize po-
tency of the infused product on the basis of preclinical studies.18 All
patients were treated at least 12 months before the data cutoff in
April 2018. The study was conducted according to the principles of
theDeclarationofHelsinki andwith approval of the FredHutchinson
Cancer Research Center Institutional Review Board.

Evaluation of antitumor response and toxicity
Antitumor response was initially evaluated in all patients 3 to
4 weeks after CAR T-cell infusion with high-resolution multi-
parameter flow cytometry (sensitivity 1:10000) of a bone marrow
aspirate and biopsy.19 Patients with extramedullary disease before

CAR T-cell therapy were also assessed by positron emission
tomography-computed tomography. Patients with central ner-
vous system (CNS) leukemia identified before treatment un-
derwent cerebral spinal fluid sampling for detection of disease by
flow cytometry after CAR T-cell immunotherapy. MRD-negative
CR was defined as the absence of leukemic blasts in the bone
marrow by high-resolution flow cytometry and no evidence of
extramedullary or CNS leukemia. Patients who had an index clone
identified by high-throughput sequencing (HTS) of IGH, IGK, TRB,
TRD, and/or TRG genes before CAR T-cell therapy and achieved
MRD-negative CR by flow cytometry had HTS performed on the
marrow sample obtained at restaging to detect any residual
leukemic index clone (Adaptive Biotechnologies, Inc.). Cytokine
release syndrome (CRS) was graded according to consensus
criteria reported by Lee et al.20,21 Neurotoxicity was graded sep-
arately according to Common Terminology Criteria for Adverse
Events v4.03, with modifications as previously described.22

Evaluation of CAR T-cell counts in blood and
cytokine concentrations in serum
Blood was collected before lymphodepletion, on day 0 before
CAR T-cell infusion, and at intervals after CAR T-cell infusion.
Absolute CD41 and CD81 CAR T-cell counts were determined
by multiplying the percentages of CD31CD41CD8–EGFRt1 and
CD31CD4–CD81EGFRt1 events, respectively, in a viable CD451

lymphocyte forward scatter or side scatter gate by an absolute
lymphocyte count performed on the same day. CAR T cells in the
blood were also monitored by quantitative polymerase chain
reaction (qPCR) to detect integrated sequence (FlapEF1a) and
reported as the number of transgene copies per mg of DNA. The
lower limit of quantitation of the qPCR assay was 10 transgene
copies per mg of DNA. Serum cytokine concentrations were
evaluated by Luminex assay according to the manufacturer’s
instructions. The area under the curve (AUC) of CAR T-cell counts
(cells per mL or transgene copies per mg of DNA) and cytokine
concentrations (pg/mL) between different time points were
calculated using a trapezoidal rule computational algorithm.23

Statistical analyses
For analysis of EFS, an event was defined as no response, relapse,
or death. Death was the event for analysis of overall survival (OS).
Patients who did not have an event were censored at the date of
last follow-up. Data were not censored when new therapy (in-
cluding allogeneic HCT) was initiated in the absence of disease.
Kaplan-Meier curves for EFS and OS were created, and patients
in different subgroups were compared by using the log-rank
test.24,25 Median follow-up was estimated by reverse Kaplan-
Meier analysis.26 Univariable logistic regression analyses were
performed to identify variables associated with the development
of MRD-negative CR. Cox regression univariable and stepwise
multivariable modeling were performed to identify factors asso-
ciated with EFS. CAR T-cell kinetics were analyzed using LOESS
(local polynomial regression) curve fitting.27 Data were analyzed
using R (version 3.4.1) and RStudio (version 1.0.153), and figures
were formatted using Adobe Illustrator CS6 (version 16.0.0).

Results
Patient characteristics
From August 2013 to April 2017, 59 patients with relapsed/
refractory B-ALL underwent leukapheresis for CD19 CAR T-cell
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manufacturing. Two patients did not meet study-defined criteria
for treatment after undergoing leukapheresis, and 4 additional
patients who received lymphodepletion chemotherapy and
CD19 CAR T cells were ineligible for the analyses in this report
(supplemental Figure 1). Among the 53 patients in the analysis of
factors that had an impact on response and EFS, themedian time
from leukapheresis to CAR T-cell infusion was 19 days (range,
10-466 days). Fourteen (26%) of 53 patients received systemic
bridging chemotherapy between leukapheresis and lympho-
depletion to control disease progression.

The median age was 39 years (range, 20-76 years), and the
patients had received a median of 3 (range, 1-11) prior therapies
(Table 1). Twenty-three patients (43%) had previously under-
gone allogeneic HCT. Eleven patients (21%) had Philadelphia
chromosome–positive (Ph1) BCR-ABL, including 1 patient who
initially had BCR-ABL–negative disease but had t(9;22) identified
at staging before CAR T-cell therapy. Patients with a history of
Ph1 B-ALL had previous exposure to a median of 2 (range, 1-4)
different tyrosine kinase inhibitors. Seven patients (13%) har-
bored anMLL gene rearrangement, and 17 (32%) had a complex
karyotype.28 Before lymphodepletion, 34 patients (64%) had
morphologic disease ($5% blasts) in the bone marrow, of
whom 13 also had extramedullary disease. Seventeen patients
(32%) had MRD (,5% blasts) in the bone marrow detected by
high-resolution flow cytometry, and 3 of these also had extra-
medullary disease. Two patients had extramedullary disease
without bone marrow involvement. Sites of extramedullary in-
volvement are detailed in supplemental Table 2. Leukemic blasts
were detected by flow cytometry in the cerebrospinal fluid of
5 patients. CD19 CAR T cells were manufactured to the target
total cell dose for all patients. Forty patients (75%) developed
CRS after CAR T-cell infusion, including 10 (19%) with grade $3
CRS. Grade $3 neurotoxicity developed in 12 patients (23%).

EFS and OS are more durable in patients achieving
MRD-negative CR
Forty-five (85%) of the 53 patients achievedMRD-negative CR by
high-resolution flow cytometry, whereas 8 patients (15%) had no
response. With a median follow-up of 30.9 months, EFS and OS
were better in patients who achieved MRD-negative CR com-
pared with those who did not respond (median EFS, 7.6 vs
0.8 months; P , .0001; median OS, 20.0 vs 5.0 months; P 5 .014;
Figure 1A-B). In patients who had an identified leukemic clone
by HTS before CAR T-cell immunotherapy and subsequently
achieved MRD-negative CR by flow cytometry after treatment
with CAR T cells (n5 28), absence of the leukemic clone by HTS
in marrow 3 weeks after CAR T-cell infusion (n 5 20) was
associated with better EFS (median EFS, 8.4 vs 3.6 months;
P 5 .036) and a trend toward improved OS (median OS, 26.9
vs 6.8 months; P 5 .14) compared with those who achieved
MRD-negative CR by flow cytometry with a persistent leukemic
sequence in the marrow (n 5 8; Figure 1C-D). Patients who had
a persistent leukemic clone at 3 weeks after CAR T-cell infusion
had better EFS but similar OS compared with those who had
detectable disease by flow cytometry after CAR T-cell therapy
(supplemental Figure 2).

Given the substantial EFS and OS benefit from achieving MRD-
negative CR, we were interested in identifying factors associated
with the probability of this outcome. Because of the low number

of patients who did not respond to treatment (n 5 8), multi-
variable modeling of factors was not feasible; therefore, we
performed univariable logistic regression analyses (supplemental
Table 3). Robust CAR T-cell expansion was strongly associated
with the probability of achievingMRD-negative CR. For each log10

increment in the integrated transgene copies per mg of DNA
detected at the peak after CAR T-cell infusion or evaluated as the
AUC from day 0 to day 28 (AUC28), the odds ratios of achieving
MRD-negative CR were 7.47 and 17.41, respectively (Figure 2A-C).
CNS leukemia before lymphodepletion was associated with no
response to treatment (odds ratio, 0.08; P5 .013). In patients with
CNS leukemia who did not respond (n5 3), leukemic blasts were
detected in the marrow at restaging. The 2 patients with active
CNS leukemia before lymphodepletion who achieved MRD-
negative CR relapsed at days 122 and 420 after CAR T-cell
infusion.

Baseline and treatment-related factors associated
with durable EFS in patients who achieved
MRD-negative CR
We initially performed univariable Cox regression analyses to
identify baseline and therapy-related factors that were associ-
ated with better EFS in patients who achievedMRD-negative CR
and could be included in subsequent multivariable analyses.
Univariable analyses demonstrated better EFS in patients
with lymphodepletion that incorporated fludarabine (P5 .003),
a lower prelymphodepletion lactate dehydrogenase (LDH)
concentration (P , .0001), a higher prelymphodepletion plate-
let count (P 5 .0002), no evidence of extramedullary disease
(P 5 .001) or high-risk cytogenetics (P 5 .03), lower marrow blast
percentage (P 5 .006), no systemic bridging therapy between
leukapheresis and CAR T-cell infusion (P , .0001), and changes
in distinct serum cytokine concentrations during therapy (Table 2).
Age, performance status, the number of previous regimens,
previous blinatumomab therapy, and a history of previous allo-
geneic HCT were not associated with the duration of EFS.

We then performed Cox regression multivariable modeling
using a stepwise approach with the identified variables that had
P # .05 from univariable analyses as well as clinical factors that
could have an impact on survival, such as age, performance
status, the number of previous regimens, a history of previous
allogeneic HCT, and the peak CAR T-cell counts in the blood
by qPCR. This multivariable model showed that a lower pre-
lymphodepletion LDH (hazard ratio [HR], 1.39; 95% confidence
interval [CI], 1.12-1.74 per 100 U/L increment; P5 .003), a higher
prelymphodepletion platelet count (HR, 0.65; 95% CI, 0.47-0.88
per 50 000 cells per mL increment increase; P 5 .006), and in-
corporation of fludarabine into the lymphodepletion regimen
(HR, 0.34; 95% CI, 0.15-0.78; P 5 .011) were independently
associated with better EFS (Table 2). When HTS status on
restaging after CAR T-cell therapy was treated as an additional
variable in patients who were evaluable by this method (n5 28),
the 3 variables identified in the model retained their prognostic
value (supplemental Table 4). In addition, the presence of a
leukemic clone detected by HTSwas associated with shorter EFS
(HR, 5.56; P 5 .004).

The effects of prelymphodepletion LDH concentration and
platelet count on EFS were continuous within both the normal
and abnormal ranges of each parameter (Figure 3A-B). We
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Table 1. Patient and treatment characteristics

Characteristic MRD-negative CR No response All patients

Evaluable patients, n 45 8 53

Age, y
Median (IQR) 39.0 (28.0-53.0) 42.5 (30.5-54.5) 39.0 (28.0-54.0)
Range 20-76 22-66 20-76

Sex, n (%)
Female 23 (51) 0 (0) 23 (43)
Male 22 (49) 8 (100) 30 (57)

ECOG PS, n (%)
0 22 (49) 4 (50) 26 (49)
1 22 (49) 4 (50) 26 (49)
2 1 (2) 0 (0) 1 (2)

High-risk cytogenetics, n (%)*
t(9;22) BCR-ABL, Ph1 9 (20) 2 (25) 11 (21)
t(v;11) MLL rearrangement 7 (13) 0 (0) 7 (13)
Low hypodiploidy (30-39 chromosomes) 3 (6) 0 (0) 3 (6)
Near triploidy (60-78 chromosomes) 2 (4) 0 (0) 2 (4)
iAMP21 0 (0) 1 (13) 1 (2)
Complex karyotype ($5 abnormalities) 14 (31) 3 (38) 17 (32)

Prior regimens, n
Median (IQR) 3 (3-4) 3.5 (2.5-6) 3 (3-4)
Range 1-11 1-7 1-11

Prior allogeneic HCT, n (%)
Yes 18 (40) 5 (62) 23 (43)
No 27 (60) 3 (38) 30 (57)

Prior blinatumomab therapy, n (%)
Yes 9 (20) 1 (13) 10 (19)
No 36 (80) 7 (87) 43 (81)

Marrow disease burden by flow cytometry, %
Median (IQR) 28 (0.65-74.7) 22.9 (1.55-81.1) 28 (1.10-79.0)
Range 0.0-97.6 0.3-98.5 0.0-98.5
$5% blasts with extramedullary disease, n (%) 9 (20) 4 (50) 13 (25)
$5% blasts without extramedullary disease, n (%) 20 (44) 1 (13) 21 (40)
,5% blasts with extramedullary disease, n (%) 5 (11) 0 (0) 5 (9)
,5% blasts without extramedullary disease, n (%) 11 (24) 3 (37) 14 (26)

Extramedullary disease, n (%)
Yes 14 (31) 4 (50) 18 (34)
No 31 (69) 4 (50) 35 (66)

CNS leukemic involvement, n (%)
Yes 2 (4) 3 (38) 5 (9)
No 43 (96) 5 (62) 48 (91)

Lymphodepletion, n (%)
Cyclophosphamide-based with fludarabine 35 (78) 7 (87) 42 (79)
Cyclophosphamide-based without fludarabine 10 (22) 1 (13) 11 (21)

Dose of CAR T cells per kg, n (%)
2 3 105 cells 26 (58) 7 (87) 33 (62)
2 3 106 cells 19 (42) 1 (13) 20 (38)

AUC28, area under the curve from day 0 to day 28; ECOG PS, Eastern Cooperative Oncology Group performance status; iAMP21, intrachromosomal amplification of a region of chromosome
21; IQR, interquartile range .

*From cytogenetic analysis performed at any time after diagnosis; some patients had .1 abnormalities identified.
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considered that the prelymphodepletion LDH concentration and
platelet count could reflect marrow disease burden. Although
the percentage of marrow blasts was not selected in the mul-
tivariable model, marrow disease burden correlated with higher
prelymphodepletion LDH and lower platelet count (supple-
mental Figure 3A). A requirement for bridging systemic therapy
between leukapheresis and lymphodepletion was also associ-
ated with higher prelymphodepletion LDH concentration (P5 .002)
and lower platelet count (P 5 .007, Wilcoxon rank sum test;
supplemental Figure 3B). Patients with extramedullary disease
tended to have a lower platelet count (P 5 .08; supplemental
Figure 3C), whereas high-risk cytogenetics correlated with a high
LDH concentration (P 5 .007). These correlations suggest that
the prelymphodepletion LDH concentration and platelet count
reflected an aggressive tempo and increased bulk of disease
that required bridging therapy.

On the basis of the factors in the multivariable model that were
independently associated with EFS, we were able to identify
a subset of MRD-negative CR patients with longer EFS after
CD19 CAR T-cell therapy. Patients in MRD-negative CR with
a normal prelymphodepletion LDH concentration (#210 U/L)
and a platelet count $100000/mL who then received cyclophos-
phamide and fludarabine lymphodepletion had Kaplan-Meier
2-year probabilities of EFS and OS of 78% and 86%, respec-
tively (Figure 3C-D; supplemental Figure 4). High-risk patients

without all 3 good-risk characteristics had poor outcomes, with
2-year EFS and OS of only 13% and 29%, respectively.

CAR T-cell kinetics indicate distinct mechanisms of
CD191 and CD19– relapse
Twenty-two (49%) of the 45 patients who achieved MRD-
negative CR relapsed at a median of 3.5 months (range, 1.1-
17.0 months) after CAR T-cell infusion. The majority of relapses
(73%) occurred within the first 6 months after CAR T-cell infusion.
Fourteen (68%) of 22 relapsing patients had CD191 blasts at
relapse, and in 5 of these patients, the leukemic blasts had
diminished expression of CD19. Six (27%) of the 22 patients
relapsed with CD19– disease, including 1 patient with MLL-
rearranged B-ALL who relapsed with a phenotypic switch to
acute myeloid leukemia29; CD19 expression at relapse was not
available for 2 patients. The 2-year cumulative incidence of
relapse (CIR) was 34% for CD191 and 14% for CD19– relapse
(P 5 .06; Figure 4A). No difference in the timing of CD191 re-
lapse compared with CD19– relapse was observed (median time
to relapse, CD191 vs CD19–, 147 vs 82 days; P5 .18). All patients
who had a subset of CD19– leukemic blasts identified in marrow
before lymphodepletion using a Clinical Laboratory Improve-
ment Amendments (CLIA)–certified assay (range, 0.4%-40.7% of
the total blasts; n 5 8) achieved MRD-negative CR and none
developed CD19– relapse (2 of 8 had CD191 relapse), indicating
that the presence of CD19– blasts before CAR T-cell therapy did
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Figure 1. EFS and OS in B-cell ALL patients after CD19 CAR T-cell therapy. (A-B) Kaplan-Meier analyses demonstrating better EFS and OS in patients who achieve
MRD-negative CR by high-resolution flow cytometry on restaging (black line, n 5 45) compared with patients who do not respond (red line, n 5 8; P , .0001 and P 5 .014,
respectively; log-rank test). (C-D) In the MRD-negative CR patients who had a leukemic clone detected by HTS (n5 28) before CD19 CAR T cells, absence of the leukemic clone
(black line, n 5 20) after CAR T cells was associated with significantly better EFS (P 5 .036) and a trend toward better OS (log-rank test P 5 .14) compared with those with
a persistent leukemic clone (red line, n 5 8).
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not preclude MRD-negative CR after treatment with CD19 CAR
T cells or predict the phenotype of subsequent relapse.

The prelymphodepletion LDH concentration and platelet count
were not significantly different between patients with CD19– or
CD191 relapse. We then investigated the impact of the lym-
phodepletion regimen on the phenotype at relapse and found
that, with the exception of the patient who relapsed with acute
myeloid leukemia, all CD19– relapses occurred in patients who
received fludarabine-containing lymphodepletion. Furthermore,
all relapses in patients who did not receive fludarabine were
CD191. Fludarabine-containing lymphodepletion was associ-
ated with a higher CAR T-cell AUC from day 28 to day 90
(AUC28-90; 6.0 vs 5.3 CAR T-cell transgene copies log10/mg
DNA; P 5 .03; supplemental Figure 5), suggesting that the
magnitude of CAR T-cell expansion or persistence might in-
fluence the relapse phenotype. Patients who subsequently
developed CD191 relapse had a lower CAR T-cell peak (4.34 vs
5.18 log10 CAR T-cell transgene copies per mg of DNA; P5 .034)
and AUC of 28 to 90 (5.47 vs 6.60 log10 CAR T-cell transgene
copies per mg of DNA; P5 .0042) in blood compared with those
with CD19– relapse (Figure 4B-C). B-cell aplasia was ongoing,
and CAR T cells were detected at high levels (median, 304;
range, 37-15 584 transgene copies per mg of DNA) in the last
blood sample from all patients before CD19– relapse. In contrast,
B-cell recovery (.0.01% of the leukocytes in the blood or bone
marrow) was observed at a median of 89 days (range, 28-184
days) after CAR T-cell infusion in all patients with CD191 relapse,
and a majority (86%) had either undetectable or low (,30 copies
permg of DNA) CAR T-cell counts before or at the time of relapse
(Figure 4D). The data show that, in most cases, CD191 relapse is
associated with loss of CAR T-cell persistence, whereas CD19–

relapse is observed despite persistent CAR T cells and ongoing
B-cell aplasia.

Allogeneic HCT after CD19 CAR T-cell therapy is
associated with better EFS
The standard of care for most patients with relapsed or refractory
ALL is to receive allogeneic HCT after achieving remission; how-
ever, the role of allogeneic HCT after CD19 CAR T-cell therapy has
not been determined. Eighteen (40%) of 45 patients in MRD-
negative CR underwent HCT at a median of 70 days (range,
44-138 days) after CAR T-cell infusion (supplemental Table 5). The
median age of patients who proceeded to allogeneic HCT was
35 years (range, 22-73 years). Patients who proceeded to HCT
while in MRD-negative CR had lower disease burden before CAR
T-cell therapy and were less likely to have received previous al-
logeneic HCT compared with those who did not proceed to HCT.
Twelve patients received myeloablative conditioning, whereas
6 received a reduced-intensity or nonmyeloablative regimen. The
most common graft source was amatched unrelated donor (n5 8)
followed by double umbilical cord blood (n 5 5), a matched re-
lated donor (n5 4), and 1 mismatched unrelated donor (B-allele).

With a median follow-up of 28.4 months after allogeneic HCT,
the 2-year Kaplan-Meier point estimates of EFS and OS were
61% and 72%, respectively (Figure 5A-B). The 2-year CIR was
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Figure 2. Impact of CAR T-cell in vivo expansion kinetics on achievement of
MRD-negative CR. (A) CAR T-cell counts in the blood over the first 90 days after CAR
T-cell infusion for patients who achieved MRD-negative CR (blue lines) compared
with patients who did not respond (red lines). Each thin line represents a single
patient; bold lines represent LOESS (local polynomial regression) curve fitting data
approximation with the standard error shown in gray; data were censored at the time
of a subsequent CAR T-cell infusion. The dashed horizontal line indicates the limit of
quantitation of the qPCR assay. Patients who achieved MRD-negative CR (blue) had

Figure 2 (continued) a higher mean peak (P 5 .0002 [B]) and AUC from day 0 to
day 28 (AUC28; P , .0001 [C]) of CAR T cells compared with those who did not re-
spond (red). CAR T-cell counts in the blood were measured by qPCR for FlapEF1a
transgene copies per mg of DNA in all patients (n 5 53).
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17% (all with CD191 disease at relapse) and nonrelapse mortality
(NRM) was 23% (Figure 5C). NRM (n 5 4) was attributed to
invasive fungal infection (Aspergillus pneumonia), idiopathic
acute respiratory distress syndrome, hepatic failure secondary
to adenovirus infection, and graft-versus-host disease (GVHD).
Thirteen patients (72%) developed grade 2 to 4 acute GVHD at

a median of 35 days (range, 10-78 days) after allogeneic HCT,
including 3 (17%) with grade 3 to 4 GVHD. There was no cor-
relation between the incidence and/or severity of CRS and the
subsequent incidence and/or severity of acute GVHD. CAR
T-cell persistence immediately before conditioning did not seem
to have an impact on acute GVHD incidence or severity. Chronic

Table 2. Univariable and multivariable analyses for factors that had in impact on EFS in patients who achieved
MRD-negative CR

Variable

Univariable analysis

P

Multivariable analysis

PHR 95% CI HR 95% CI

LDH (per 100 U/L, prelymphodepletion) 1.49 1.22-1.80 ,.0001 1.39 1.12-1.74 .003

Bridging systemic therapy* 5.66 2.56-12.5 ,.0001 —† —

Platelet count (per 50 000/mL,
prelymphodepletion)

0.57 0.42-0.76 .0002 0.65 0.47-0.88 .006

Extramedullary disease 3.57 1.66-7.65 .001 — —

Fludarabine added to lymphodepletion 0.30 0.13-0.66 .003 0.34 0.15-0.78 .011

IL-6 (pg/mL, prelymphodepletion) 1.02 1.01-1.03 .005 — —

Marrow blasts by flow cytometry, % 1.01 1.00-1.03 .006 — —

High-risk cytogenetics‡ 2.48 1.12-5.50 .03 — —

Neutrophil count (1000/mL, prelymphodepletion) 0.73 0.55-0.97 .03 — —

Soluble TNFRp55 (day 0), pg/mL 4.84 1.07-21.8 .04 —§ —

IL-2 (day 0), pg/mL 3.24 1.05-10.0 .04 — —

IL-8 (pg/mL, prelymphodepletion) 1.78 1.00-3.15 .05 — —

Soluble TIM-3 (ng/mL; prelymphodepletion) 1.05 1.00-1.11 .06 — —

Dose level (2 3 105 vs 2 3 106 CAR T cells per kg) 0.51 0.24-1.11 .09 — —

No. of previous regimens 1.13 0.97-1.32 .1 — —

Previous allogeneic HCT 1.65 0.79-3.44 .2 — —

Previous blinatumomab therapy 1.27 0.52-3.12 .6

ECOG PS 1.18 0.62-2.26 .6 — —

Age, y 1.00 0.98-1.01 .7 — —

Time from leukapheresis to lymphodepletion, d 1.52 0.64-3.62 .3

CD41:CD81 CAR T-cell ratio (peak expansion) 1.20 0.86-1.68 .3

CD41:CD81 CAR T-cell ratio (AUC from day
0 to day 28)

1.09 0.76-1.55 .6

CD41:CD81 CAR T-cell ratio (fold change from
infusion product to peak expansion)

1.21 0.81-1.81 .4

CAR T-cell counts (transgene log10 copies/mg of
DNA; AUC28)

0.98 0.56-1.71 .9 — —

IL-6, interleukin-6.

*Between leukapheresis and CAR T-cell infusion.

†Correlated strongly with LDH (P , .01) and platelet count (P 5 .02); therefore, it was not included in the multivariable model.

‡Defined as having 1 or more of the following: t(9;22) Ph1 BCR-ABL t(v;11) MLL rearrangement, low hypodiploidy, near triploidy, iAMP21, or complex karyotype with $5 abnormalities.

§Correlated strongly with platelet count; therefore, it was not included in the multivariable model.
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GVHD occurred in 8 patients (44%) a median of 245 days (range,
135-712 days) after allogeneic HCT.

We evaluated the effect of allogeneic HCT after CAR T-cell
therapy on EFS as a time-dependent covariate. In univariable
analysis, allogeneic HCT after CAR T-cell therapy was associated
with longer EFS compared with no allogeneic HCT (HR, 0.31;
95% CI, 0.13-0.79; P 5 .014). To determine whether allogeneic
HCT had an independent effect on EFS in patients achieving
MRD-negative CR after CAR T-cell immunotherapy, we adjusted
for factors that were found in the stepwise multivariable model
to have an impact on EFS. No significant interaction effect was
seen between allogeneic HCT and the previously defined risk
group (P 5 .51). After adjusting for prelymphodepletion LDH
concentration, platelet count, and the use of fludarabine-containing
lymphodepletion, multivariable stepwise modeling demon-
strated that patients undergoing allogeneic HCT after CAR T-cell
therapy had a lower risk of treatment failure for EFS compared
with those who did not undergo HCT (Table 3).

Discussion
The high rate of MRD-negative CR (85%) in this study demon-
strates that lymphodepletion followed by infusion of a defined

composition of autologous T cells engineered to express a CD19
CAR incorporating a 4-1BB costimulatory domain is an effective
salvage therapy for adult patients with relapsed/refractory B-ALL.
Longer EFS and OS were seen in patients who achieved MRD-
negative CR by high-resolution flow cytometry after treatment
with CD19CAR T cells compared with thosewho did not respond,
and a favorable outcome was associated with robust in vivo CAR
T-cell expansion and deeper remission indicated by the absence
of the leukemic index clone by HTS.

Multivariable stepwise analysis in patients who achieved MRD-
negative CR showed that a lower LDH concentration and higher
platelet count before lymphodepletion and use of fludarabine
in the lymphodepletion regimen were associated with better
EFS. Low-risk patients who received fludarabine and had a
normal prelymphodepletion LDH concentration and platelet
count $100000/mL had durable remissions and a 2-year OS of
86%. The mechanisms by which a low LDH and high platelet
count are associated with good survival have not been eluci-
dated. Consistent with a recent report,10 we found in univariable
analysis that a lower percentage of marrow blasts was associated
with better EFS; however, this variable was not selected by our
multivariablemodel.We considered that the prelymphodepletion
LDH concentration and platelet count could reflect marrow
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disease burden, but these variables showed only mild to mod-
erate correlation with the marrow disease burden. The superior
performance of LDH concentration and platelet count in multi-
variable modeling suggests that these variables may also reflect
the impact of factors other than marrow burden, such as an
aggressive disease kinetics. Indeed, high LDH concentration and
low platelet count correlated with the need for bridging sys-
temic therapy. Serum LDH concentration has been associated
with tumor burden and proliferative activity in B-cell and other
malignancies30-33 and may correlate with an immunosuppressive
tumor microenvironment.34-36 Thrombocytopenia could also be
the result of the cumulative effects of multiple previous therapy

regimens, which in turn could be associated with poor T-cell
function. A larger cohort would provide validation of the mul-
tivariable model and allow further assessment of the mecha-
nisms by which these variables affect durable responses.

Despite the high MRD-negative CR rate, there was a significant
risk of relapse (49%), demonstrating a need to improve response
duration after treatment with CD19 CAR T cells. Although the
LDH concentration and platelet count were not closely associ-
ated with CD19– or CD191 relapse, incorporation of fludarabine
into the lymphodepletion regimen was associated with superior
CAR T-cell expansion and persistence and a lower risk of
CD191 relapse.6 Given the small number of patients, the effect
of expansion compared with persistence on relapse phenotype
warrants further investigation. In conjunction with the observation
that all post-HCT relapses were CD191, these data indicate that
loss of CAR T-cell persistence is a key risk factor for CD191

relapse. Conversely, the occurrence of CD19– relapse in patients
with robust CAR T-cell expansion and persistence is consistent
with continued immune pressure, suggesting that strategies to
minimize escape by antigen loss, such as multiple-antigen tar-
geting, should be pursued.16

CD19– and CD191 relapses could potentially be reduced by
allogeneic HCT after CAR T-cell therapy. As standard of care for
patients with refractory/relapsed ALL who achieve remission,
allogeneic HCT was performed in 40% of patients in early MRD-
negative CR after CAR T-cell therapy. The decision to perform
transplantation was based on standard clinical parameters such
as age, history of previous transplantations, patient preference,
and comorbidities. The incidence of NRMafter HCTwas consistent
with that reported for patients who previously underwent alloge-
neic HCT without previous CD19 CAR T-cell immunotherapy.37-39

When HCT was incorporated into our EFS multivariable model as
a time-dependent covariate, we saw better EFS in MRD-negative
CR patients who proceeded to transplantation compared with
those who did not undergo HCT. Although there were differences
between patients who did or did not undergo allogeneic HCT, the
lack of an interaction effect between allogeneic HCT and the risk
factors identified in themultivariablemodel suggest that both high-
and low-risk groups might gain an EFS benefit from allogeneic
HCT. This conclusion is in apparent contrast to that of a recent study

Table 3. Multivariable analysis for factors that have an
impact on EFS in patients who achieved MRD-negative
CR, adjusted for HCT after CAR T-cell therapy as a
time-dependent covariate

Variable

Multivariable
analysis

PHR 95% CI

LDH prelymphodepletion
(per 100 U/L increment)

1.39 1.11-1.73 .004

Platelets prelymphodepletion
(per 50 000/mL increment)

0.74 0.53-1.03 .069

Fludarabine added to
lymphodepletion

0.25 0.15-0.78 .003

HCT after CAR T-cell therapy 0.39 0.13-1.15 .088
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Figure 5. Outcomes after allogeneic HCT after CD19 CAR T-cell therapy.
(A-B) Kaplan-Meier analyses demonstrating EFS and OS in patients who received
allogeneic HCTwhile in MRD-negative CR after CD19 CAR T-cell therapy (n5 18). Two-
year Kaplan-Meier point estimates of EFS and OS were 61% and 72%, respectively. (C)
Cumulative incidence of relapse (blue line) and NRM (green line), with 2-year estimates
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that suggested no EFS or OS benefit from allogeneic HCT.10 The
univariable approach and higher reported post-HCT relapses and
NRM rates in the previous study could have contributed to the
differences in findings. Although the 2 studies used different CAR
constructs and manufacturing strategies, the higher MRD-negative
CR rate after treatment with 4-1BB–costimulated CAR T cells in our
trial suggests that it is unlikely that deeper remissions and more
durable responses without HCTwould be observed after treatment
with CD28-costimulated CAR T cells.10

In our study and the report from Park et al,10 durable EFS was
achieved in a subset of adults who did not receive a transplant
after achieving MRD-negative CR after CAR T-cell immuno-
therapy. However, in most adults who did not undergo HCT, EFS
was limited. One-year EFS of 51% to 59% is reported after
treatment with 4-1BB–costimulated CD19 CAR T cells in pedi-
atric studies, in which a majority of patients do not receive
a transplant after CAR T-cell therapy because of a history of
previous allogeneic HCT before receiving treatment with CAR
T cells.9,12 The apparently better EFS in pediatric compared with
adult patients who do not proceed to allogeneic HCT after CAR
T-cell therapy could be related to differences in B-ALL disease
biology or the quality of T cells isolated from children who had
previously received a transplant compared with heavily pre-
treated adults.40 It is unknown whether allogeneic HCT could
further improve EFS and OS in a pediatric population after treat-
ment with CD19 CAR T cells. Until definitive randomized studies
are available, consolidation therapy with allogeneic transplantation
should be considered for eligible adult B-ALL patients in remission
after CD19 CAR T-cell therapy.

CD19 CAR T cells in adult B-ALL are highly effective at inducing
MRD-negative CR, but relapse is frequent, especially in the absence
of allogeneic HCT. Improvements in the duration of response are
needed, particularly for patients with higher-risk characteristics.
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