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ABSTRACT

BACKGROUND
Relapsed acute lymphoblastic leukemia (ALL) is difficult to treat despite the avail-
ability of aggressive therapies. Chimeric antigen receptor-modified T cells targeting
CD19 may overcome many limitations of conventional therapies and induce remis-
sion in patients with refractory disease.

METHODS

We infused autologous T cells transduced with a CD19-directed chimeric antigen
receptor (CTL019) lentiviral vector in patients with relapsed or refractory ALL at
doses of 0.76x10° to 20.6x10° CTLO019 cells per kilogram of body weight. Patients
were monitored for a response, toxic effects, and the expansion and persistence of
circulating CTLO19 T cells.

RESULTS

A total of 30 children and adults received CTL0O19. Complete remission was
achieved in 27 patients (90%), including 2 patients with blinatumomab-refractory
disease and 15 who had undergone stem-cell transplantation. CTL019 cells prolif-
erated in vivo and were detectable in the blood, bone marrow, and cerebrospinal
fluid of patients who had a response. Sustained remission was achieved with a
6-month event-free survival rate of 67% (95% confidence interval [CI], 51 to 88)
and an overall survival rate of 78% (95% CI, 65 to 95). At 6 months, the probabil-
ity that a patient would have persistence of CTL019 was 68% (95% CI, 50 to 92)
and the probability that a patient would have relapse-free B-cell aplasia was 73%
(95% CI, 57 to 94). All the patients had the cytokine-release syndrome. Severe
cytokine-release syndrome, which developed in 27% of the patients, was associ-
ated with a higher disease burden before infusion and was effectively treated with
the anti-interleukin-6 receptor antibody tocilizumab.

CONCLUSIONS
Chimeric antigen receptor—modified T-cell therapy against CD19 was effective in
treating relapsed and refractory ALL. CTLO19 was associated with a high remis-
sion rate, even among patients for whom stem-cell transplantation had failed, and
durable remissions up to 24 months were observed. (Funded by Novartis and oth-
ers; CART19 ClinicalTrials.gov numbers, NCT01626495 and NCT01029366.)
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NGINEERED T-CELL THERAPY IS A NEW

strategy for the treatment of relapsed and

refractory acute lymphoblastic leukemia
(ALL), which is associated with an extremely poor
prognosis in adults and remains a leading cause
of death from childhood cancer.'? In initial proof-
of-principle clinical trials involving patients with
chronic lymphocytic leukemia (CLL), chimeric an-
tigen receptor-modified T cells that target CD19
produced a durable complete remission in a small
number of patients.*® Our group and others then
extended these findings to relapsed and refrac-
tory B-cell ALL, and we found profound respons-
es in a small number of children and adults.”®

Chimeric antigen receptors are genetically engi-
neered receptors that couple an anti-CD19 single-
chain Fv domain to intracellular T-cell signaling
domains of the T-cell receptor, thereby redirecting
cytotoxic T lymphocytes to cells expressing this
antigen. With the use of lentiviral-vector technol-
ogy for gene transfer and permanent T-cell modi-
fication, CTL0O19 (formerly known as CART19)-
engineered T cells express a chimeric antigen
receptor in which the T-cell activation signal is
provided by the CD3-zeta domain, and the co-
stimulatory signal is provided by the CD137 (4-1BB)
domain.*

We previously reported a high degree of in
vivo expansion of CTL019 cells that resulted in
complete remission in two children with relapsed
and highly refractory B-cell ALL.® However, the
rate of complete remission in a larger cohort,
long-term persistence of chimeric antigen recep-
tor-modified T cells, and the durability of remis-
sion remained unknown. We now report the re-
sults of CART19 (A Phase I/IIA Study of Redirected
Autologous T Cells Engineered to Contain Anti-
CD19 Attached to TCRzeta and 4-1BB Signaling
Domains in Patients with Chemotherapy Resis-
tant or Refractory CD19+ Leukemia and Lympho-
ma) showing the efficacy of CTL019 and provide
follow-up of up to 2 years in our expanded co-
hort of 30 patients with relapsed and refractory
ALL. Robust expansion of CTLO19 cells rapidly
induced complete remission in this cohort of pa-
tients who were previously considered to have re-
fractory and incurable disease.

METHODS

TRIAL DESIGN AND OVERSIGHT
We conducted pilot clinical trials at Children’s
Hospital of Philadelphia and the Hospital of the
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University of Pennsylvania that were designed to
assess the safety and feasibility of CTL019 T-cell
therapy in patients with relapsed and refractory
CD19+ cancers; the protocols were approved by
the respective institutional review boards. All the
authors discussed and interpreted the study re-
sults and vouch for the data and analyses. All the
patients or their parents provided written informed
consent. Enrolled patients received CTL019 infu-
sions between April 2012 and February 2014.
Additional details regarding the study design are
provided in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org.
Leukapheresis products were stimulated with
paramagnetic beads coated with antibodies to
CD3 and CD28 and transduced with the CD19-BB-
zeta transgene as described previously.*? After
leukapheresis, patients received interim therapy
at the discretion of their treating physician. Che-
motherapy aimed at depletion of T lymphocytes
(Table S1 in the Supplementary Appendix) was
administered 1 week before infusion of CTL019
(Table S2 in the Supplementary Appendix), except
in three patients who had persistent cytopenias.

PATIENT CHARACTERISTICS

A total of 25 patients, 5 to 22 years of age, were
treated at Children’s Hospital of Philadelphia
(pediatric trial), and 5 older patients, 26 to 60 years
of age, were treated at the Hospital of the Uni-
versity of Pennsylvania (adult trial) (Table 1). Of
these patients, 26 had B-cell ALL in a first to
fourth relapse, 3 had primary refractory B-cell
ALL, and 1 had relapsed T-cell ALL that expressed
CD19. Eighteen patients had relapsed disease
after allogeneic stem-cell transplantation. Three
patients (Patients 2, 3, and 20) had disease that
was previously shown to be refractory to blina-
tumomab (a bispecific antibody with one domain
that binds to CD3 on T cells and the other that
binds to CD19).

RESULTS

OUTCOMES
Twenty-seven of 30 patients (90%) were in a
morphologic complete remission at the first as-
sessment 1 month after the infusion of CTL019.
A test to detect minimal residual disease by means
of multiparametric flow cytometry was negative
in 22 patients, positive in 3 patients (the levels of
minimal residual disease were 0.1% [and subse-
quently negative at 3 months], 0.09%, and 0.22%,
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respectively), and not performed in 2 patients. A
complete remission was achieved in 2 of 3 patients
who had previously been exposed to blinatu-
momab. The 2 patients in whom blast cells were
detected in the cerebrospinal fluid at the time of
infusion subsequently had no detectable central
nervous system (CNS) leukemia as of the most
recent follow-up (6 months), and no CNS relapses
were observed.

Seven patients who had a complete remis-
sion subsequently had a relapse between 6 weeks
and 8.5 months after infusion of CTL019 cells.
Three relapses developed after early loss of
CTL019-modified T cells at 2 weeks to 3 months,
and in these patients the relapsed ALL remained
CD19-positive. After recovery of normal B cells
at 2 to 3 months, one relapse occurred rapidly
at 3 months and two relapses were delayed (they
occurred at 6 and 8.5 months). Patient 9, who
had minimal residual disease (0.22%) at 1 month,
had a relapse with CD19-positive ALL at 6 weeks.
The disease rapidly progressed, and the patient
died from ALL. This patient had highly refrac-
tory disease that was in the fourth relapse at the
time of infusion and was not eligible for stem-
cell transplantation because of coexisting condi-
tions. In three patients, the loss of the expression
of CD19 in leukemia cells resulted in a relapse;
one of these patients (Patient 2) had received
prior blinatumomab therapy. In these patients,
CTLO019 cells were not lost at the time of relapse.

Of the 27 patients who had a complete remis-
sion, 19 remained in remission: 15 patients re-
ceived no further therapy, and 4 patients withdrew
from the study to receive other therapy. In Pa-
tient 11, the myelodysplastic syndrome developed
during ALL remission, and the patient withdrew
from the study to receive other therapy. The me-
dian follow-up was 7 months (range, 1 to 24). No
deaths were related to the study treatment. Seven
patients died after disease progression or relapse,
including 1 patient who died from the myelodys-
plastic syndrome. At 6 months, the event-free sur-
vival rate was 67% (95% confidence interval [CI],
51 to 88) and the overall survival rate was 78%
(95% CI, 65 to 95) (Fig. 1A and 1B).

IN VIVO EXPANSION AND PERSISTENCE OF CTLO19

The CTLO019 cells were easily detectable by means
of flow cytometry, thus reflecting high in vivo
proliferation. In 27 patients who had a response,
high peak proportions of CTL019-modified T cells
were detected by this method (median, 39.8% of
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Table 1. Baseline Characteristics of the Patients.*

Pediatric ~ Adult
Cohort  Cohort

Characteristic (N=25) (N=5)
Sex — no. (%)

Female 11 (44) 1 (20)

Male 14 (56) 4 (80)
Age at infusion —yr

Median 11 47

Range 5-22 26-60
Allogeneic transplantation — no. (%) 18 (72) 0
Primary refractory disease — no. (%) 0 3 (60)
Relapse — no. (%)

1 3(12) 2 (40)

=2 22 (88)
Baseline burden of acute lymphoblastic

leukemia — no. (%)

Presence of detectable disease 20 (80) 4 (80)

Morphologic remission: 1(20)

Absence of minimal residual disease 5 (20)
High-risk cytogenetic factors — no.

BCR-ABL1 2

IKZF1 deletion 2

iAMP21 1

MLL translocation 1

Hypodiploidy 2
CNS status — no.§

CNS-1 23

CNS-2 2

Total
(N=30)

* CNS denotes central nervous system, and iAMP21 intrachromosomal amplifi-

cation of chromosome 21.

 Disease was detected by assessment of bone marrow and cerebrospinal fluid

morphologic features and measurement of minimal residual disease.

I Minimal residual disease was not measured.

§ CNS status was determined only in the pediatric trial. CNS status was defined
as CNS-1 (no detectable blast cells in a sample of cerebrospinal fluid), CNS-2
(blast cells detected in a sample with <5 leukocytes per cubic millimeter and
<10 erythrocytes per cubic millimeter), and CNS-3 (blast cells detected in a
sample with =5 leukocytes per cubic millimeter and <10 erythrocytes per cubic
millimeter). The presence of CNS-3 disease was an exclusion criterion.

CTLO019-positive cells in CD3-positive cells; range,
4.4 to 69.3), whereas in the 3 patients who did
not have a response, 0.2%, 0.6%, and 8.2% of
CD3-positive cells, respectively, were CTLO19-posi-
tive at peak levels. CTL019 cells were detectable
in the blood by means of flow cytometry for up
to 11 months (Fig. 2A and 2B).

The probability of persistence of CTL019 at
6 months was 68% (95% CI, 50 to 92). CTL019
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Figure 1. Probability of Event-free and Overall Survival
at 6 Months.

Panel A shows the time to an event after infusion of
CTLO19. Events were relapse (in seven patients), no
response (in three patients), and the myelodysplastic
syndrome (in one patient). Tick marks indicate the
time of data censoring at the last follow-up or on the
date of initiation of alternative therapy (in four pa-
tients). The curve in Panel B shows overall survival.
Data were censored at the time of the last follow-up.

In both panels, dashed lines represent 95% confidence
intervals.

sequences remained detectable by means of quan-
titative polymerase-chain-reaction (PCR) assay in
patients with sustained remissions until 2 years
(Fig. 2C and data not shown). This assay showed
very high levels of proliferation of CTLO19 cells;
all patients had peak levels greater than 5000 cop-
ies per microgram of genomic DNA, and 26 pa-
tients had peak levels greater than 15,000 copies

per microgram of genomic DNA. One patient
(Patient 17) received infusions again at 3 months
and 6 months because of early loss of CTL019
cells with B-cell recovery, and this patient sub-
sequently had persistence of CTL019. In the
patient with the longest remission (2 years), B-cell
aplasia (absence of CD19-positive cells) (Fig. 3)
continued for a year after the loss of CTL019
cells detectable by flow cytometry, suggesting
functional persistence of CTL019 cells below
the limits of detection by flow cytometry, where-
as CTL019 remained detectable by means of
quantitative PCR. The probability of relapse-
free B-cell aplasia at 6 months was 73% (95%
CI, 57 to 94).

CTLO19 FOR RELAPSE AFTER ALLOGENEIC STEM-CELL
TRANSPLANTATION

In the 18 patients who were treated for relapse
of disease after allogeneic stem-cell transplanta-
tion, the median donor chimerism at the time of
leukapheresis was 100% (range, 68 to 100). No
graft-versus-host disease was observed after in-
fusion of CTL019. Event-free survival and overall
survival did not differ significantly between the
patients who had previously undergone stem-cell
transplantation and those who had not under-
gone stem-cell transplantation (P=0.21 for event-
free survival and P=0.24 for overall survival).

THERAPY AFTER ADMINISTRATION OF CTLO19

Five patients withdrew from the study after the
administration of CTL019 to receive other thera-
py; three of these patients underwent allogeneic
stem-cell transplantation while their disease was
in remission, and the disease remained in remis-
sion 7 to 12 months after the infusion of CTL019.
Patient 12, who had undergone a previous stem-
cell transplantation, had a post-transplantation
relapse of T-cell ALL that aberrantly expressed
CD19, was refractory to two intensive reinduc-
tion regimens, and entered a morphologic remis-
sion after the infusion of CTL019, but the patient
had minimal residual disease (0.09%). She sub-
sequently received bortezomib and an infusion
of donor lymphocytes, and the disease remained
in remission without minimal residual disease at
11 months. In Patient 11, the myelodysplastic
syndrome developed and led to overt acute my-
eloid leukemia with a monosomy 8 clone that
also shared cytogenetic features with the original
B-cell ALL.

1510

Downloaded from ngim.org at JANGNAN UNIVERSITY on November 30, 2015. For personal use only. No other uses without permission.

N ENGL) MED 371;16 NEJM.ORG OCTOBER 16, 2014

The New England Journal of Medicine

Copyright © 2014 Massachusetts Medical Society. All rights reserved.



CHIMERIC ANTIGEN RECEPTOR T CELLS FOR LEUKEMIA

CYTOKINE-RELEASE SYNDROME

A major toxic effect associated with CTL019 is the
cytokine-release syndrome, a systemic inflamma-
tory response that is produced by elevated levels
of cytokines; these elevations are associated with
T-cell activation and proliferation. The cytokine-
release syndrome ranges from mild and self-lim-
iting, with high temperatures and myalgias, to
severe and life-threatening, with a clinical course
that also includes vascular leak, hypotension,
respiratory and renal insufficiency, cytopenias,
and coagulopathy. Several aspects of the cyto-
kine-release syndrome mirror those of the mac-
rophage activation syndrome.® All the patients in
our studies had the cytokine-release syndrome,
which was mild to moderate in 22 of the 30 pa-
tients. These patients required hospitalization for
febrile neutropenia and received broad-spectrum
antibiotics and pain medications. Severe cytokine-
release syndrome, which required intensive care
with varying degrees of respiratory support (from
placement of a nasal cannula to mechanical ven-
tilation), developed in 8 patients (27%), and all
these patients required vasopressor support for
hypotension. Coagulopathy, with elevated pro-
thrombin and partial-thromboplastin times as well
as severe hypofibrinogenemia, was observed in
patients who had severe cytokine-release syn-
drome, although clinical bleeding was rare (ob-
served in 3 patients).

Severe cytokine-release syndrome started a
median of 1 day after infusion, whereas cytokine-
release syndrome that was not severe started a
median of 4 days after infusion (P=0.005). Labo-
ratory markers of systemic inflammation, includ-
ing C-reactive protein and ferritin levels, were
elevated in all the patients. Patients who had se-
vere cytokine-release syndrome had higher peak
levels of interleukin-6 than did patients who did
not have severe cytokine-release syndrome
(P<0.001) (Fig. 4A); they also had higher peak
levels of C-reactive protein (P=0.02), ferritin
(P=0.005), interferon-y (P<0.001), and soluble
interleukin-2 receptor (P<0.001) (Fig. S2 in the
Supplementary Appendix). The baseline disease
burden (the percentage of blast cells in bone
marrow before infusion) correlated with the se-
verity of the cytokine-release syndrome; a higher
disease burden was significantly associated with
severe cytokine-release syndrome (P=0.002) (Fig.
4B). Patients with severe cytokine-release syn-
drome also had higher levels of CTL019-positive

CD8 cells (P=0.012) and CTL019-positive CD3
cells (P=0.026).

We previously found marked elevation of in-
terleukin-6 levels after CTL019 therapy and rapid
reversal of severe cytokine-release syndrome with
the interleukin-6-receptor blocking antibody to-
cilizumab?®; therefore, tocilizumab was incorpo-
rated into the management of severe cytokine-
release syndrome in this study. Nine patients
received tocilizumab, which resulted in rapid
defervescence and stabilization of blood pressure,
with improvement (weaning from vasopressor
support) over a period of 1 to 3 days. Six patients
also received short courses of glucocorticoids,
and four patients received a second dose of tocili-
zumab for recrudescence of the cytokine-release
syndrome after transient improvement with the
first dose. All the patients recovered fully, and
there was a complete reversal of symptoms and
a normalization of laboratory results. Relapses
occurred in two of the nine patients who received
immunosuppressive therapy for the cytokine-
release syndrome.

ENCEPHALOPATHY

Thirteen patients had neurologic toxic effects,
which ranged from delirium during the period
of high temperatures to global encephalopathy
with one or more of the following: aphasia, con-
fusion, delirium, and hallucinations. Six patients
had delayed encephalopathy that occurred after
high temperatures had resolved and was inde-
pendent of the severity of the cytokine-release
syndrome and whether the patient had received
prior tocilizumab therapy. Symptoms were self-
limiting (lasting 2 to 3 days and resolving over
2 to 3 days), and they resolved fully without
further intervention or apparent long-term se-
quelae. One patient with encephalopathy had
two seizures that may have been caused by con-
comitant electrolyte abnormalities. Several pa-
tients had normal computed tomographic or
magnetic resonance imaging of the head and
lumbar puncture that was negative for infection
or leukemia.

B-CELL APLASIA

We performed flow cytometry to detect CD19-
positive B cells in order to monitor patients for
the development of B-cell aplasia, which can be
used as a pharmacodynamic measure of CTL019
function (Fig. 3). B-cell aplasia occurred in all
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the patients who had a response and persisted
for up to 1 year after CTLO19 cells were no lon-
ger detectable by means of flow cytometry. Pa-
tients with B-cell aplasia received immunoglobu-
lin replacement to maintain IgG levels greater
than 500 mg per deciliter.

DISCUSSION

The engineering of T lymphocytes to express
chimeric antibodies that target tumor antigens
has been studied for more than 20 years.!®!!
Clinical progress had been limited by poor in vivo
expansion of engineered T cells and failure of these
cells to persist after infusion.**® We and others
have documented a high level of proliferation,
activity against bulk disease, and long-term per-
sistence of chimeric antigen receptor T cells.*51718

In this study, we found a 90% rate of com-
plete remission among 30 children and adults
who received CTL019 for ALL that was relapsed
or refractory. With a follow-up period of 2 to 24
months, sustained remissions were observed in
19 patients (15 of whom received no further
therapy) and were associated with the persis-
tence of CTL019 and B-cell aplasia that contin-
ued beyond 2 to 3 months, suggesting continued
effector function. Three patients who were in
remission subsequently underwent allogeneic
stem-cell transplantation. However, for several
reasons (e.g., the lack of a suitable donor, prior
stem-cell transplantation, or family choice), most
patients did not undergo stem-cell transplanta-
tion; this allowed for longer follow-up. The rate
of event-free survival at the median follow-up of
6 months was 67% in this heavily pretreated popu-
lation. Several patients with relapse received
salvage therapy, and the rate of overall survival
at 6 months was 78%. In comparison, with the
use of clofarabine, nelarabine, and liposomal-
encapsulated vincristine — the most recently ap-
proved drugs for relapsed ALL'?' — the Food and
Drug Administration label indicates rates of com-
plete remission of less than 25%, with a median
documented duration of response of 4 to 9 weeks.

Davila et al. recently reported results from an
expanded cohort of 16 adult patients with B-cell
ALL.** The short-term results were similar to those
in our study; the overall complete remission rate
was 88% with the use of a CD19 chimeric anti-
gen receptor with the CD28 costimulatory domain.
However, the only long-term remissions that
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Figure 2 (facing page). Persistence of CTL019.

Panel A shows the results of detection of CTL019-pos-
itive T cells detected by means of flow cytometry in
peripheral-blood samples. “Confirmed negative” was
defined as the first of two consecutive negative mea-
surements (<0.1% CTLO019-positive cells in CD3-posi-
tive cells). Patients 1 through 25 were participants in
the pediatric trial (which included children and young
adults 5 to 22 years of age), and Patients 26 through
30 were participants in the adult trial (which included
patients 26 to 60 years of age). CTLO19-modified T
cells were also detected in the cerebrospinal fluid of
17 of 19 patients with specimens that could be evalu-
ated. Panel B shows the Kaplan—Meier curve of the
time to the first confirmed negative measurement in
peripheral blood and bone marrow. Data were cen-
sored at the time of the last follow-up. Dashed lines
represent 95% confidence intervals. Panel C shows
measurements of CTLO19 gene-modified T cells in pe-
ripheral blood as assessed by means of quantitative
real-time polymerase-chain-reaction (PCR) assay. Ge-
nomic DNA was isolated from samples of whole blood
obtained at serial time points before and after infu-
sion of CTLO019. The horizontal line at 5 copies per mi-
crogram of DNA represents the lower limit of quantifi-
cation of this assay. Data on patients who did not
have a response are shown in red. In general, the lev-
els of CTLO19 detected by means of quantitative PCR
correlated well with the level of CTLO19-positive cells
detected by means of flow cytometry, with the excep-
tion of the levels in 3 patients who did not have a re-
sponse and whose peak levels measured by means of
quantitative PCR (6066, 5982, and 178,481 copies per
microgram of genomic DNA, respectively) did not cor-
respond with detection of CTLO19 cells by means of
flow cytometry or the induction of B-cell aplasia.
CTLO19 sequences were detected (23 copies of
CTLO19 cells per microgram of DNA) at month 24 by
means of quantitative PCR in the 1 patient who re-
mained in complete remission at the 2-year follow-up.
Data at the first time point were obtained before infu-
sion of CTLO19 cells. Doses of cells were determined
according to the total amount of cells available after
manufacturing. The manufacturing goal of 1.5x107 to
5x10° total cells (3x10° to 1x102 cells per kilogram of
body weight) was achieved in all treated patients (see
Table S2 in the Supplementary Appendix). A split-dose
strategy was used to determine safety with 0.1x10® to
1x108 cells per kilogram infused over 1 to 3 days
(5%108 to 50x102 cells in patients who weighed 50 kg
or more). The transduction efficiency ranged from

5.5 to 45.3%; this yielded a dose of 0.76 to 20.6x10°
CTLO19 cells per kilogram.

were reported occurred in patients who crossed
over to allogeneic stem-cell transplantation. The
median duration of persistence of 19-28z chime-
ric antigen receptor T cells was 30 days (range,
0 to 120). As a bridge to transplantation, high
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levels of proliferation with a short duration of remission. We observed prolonged persistence
persistence is sufficient to achieve remission and of CTL019 cells and B-cell aplasia for as long as
eligibility for stem-cell transplantation. However, 2 years in this cohort and for more than 3 years
in patients who are ineligible for stem-cell trans- in patients with CLL.*
plantation, short persistence of chimeric antigen There was no discernible effect of the density
receptor T cells is unlikely to produce long-term of CD19 antigen or cell dose on either efficacy
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Figure 3. B-Cell Aplasia.

Panel A shows the results of testing to detect the percentage of CD19-positive lymphocytes in peripheral-blood samples by means of
flow cytometry. Patients 1 through 25 were participants in the pediatric trial (which included children and young adults 5 to 22 years of
age), and Patients 26 through 30 were participants in the adult trial (which included patients 26 to 60 years of age). Negative results
were defined as less than 3% of lymphocytes that were positive for CD19. An outlier sample (Patient 16 at month 3) with 4% CD19-posi-
tive lymphocytes was discrepant with the measurements on clinical flow cytometry (<1% CD19-positive cells), bone marrow measure-
ments at the same time point, and four subsequent monthly evaluations and was, therefore, considered to be negative. Panel B shows
a Kaplan—Meier curve of the time to either CD19 positivity or relapse. Data on patients in remission were censored at the time of the
last follow-up (indicated by tick marks). Dashed lines represent 95% confidence intervals. All patients required intravenous immuno-
globulin replacement, and no serious infectious complications were observed as a result of B-cell aplasia; however, bronchitis (in one
patient), acute otitis media (in two patients), salmonella infection (in one patient), and recurrent urinary tract infections (in one pa-

tient) were observed.

or toxicity (Table S2 in the Supplementary Appen-
dix), although this study was not powered to inves-
tigate these correlations. Both complete remissions
and severe cytokine-release syndrome were ob-
served at the lower doses of cells administered.
Although there was generally good concordance
of CTLO019 proliferation as measured by means of
flow cytometry and quantitative PCR, in the cases
of the three patients who did not have a response,
the degree of proliferation of CLT019 cells deter-
mined by means of quantitative PCR was matched
neither by the detection of cells expressing surface
chimeric antigen receptor nor by the induction of
B-cell aplasia. The mechanisms underlying this
observation, including possible gene silencing of
CTLO019, are unknown. B-cell aplasia can be used
as a pharmacodynamic measure of the persistence
of functional CD19-targeted T cells. Continued
B-cell aplasia was seen in all patients who had a
sustained remission, and none of the patients with
B-cell aplasia had a CD19-positive relapse.

Relapses were associated with either lack of
CTLO019 persistence or CD19 escape variants. In
two cases of loss of CTL019, relapse was her-
alded by recovery of normal B cells, suggesting
that monitoring for the return of normal B cells
will be important to identify patients at the
highest risk for relapse and potentially provide a
window for repeat treatment or stem-cell trans-
plantation. Selection of CD19-negative clones or
down-regulation of CD19 expression are con-
cerns associated with CD19-directed therapies.
Data are lacking to determine the mechanism of
CD19-negative relapses.

The most prominent and serious toxic effect
of chimeric antigen receptor T-cell therapy is the
cytokine-release syndrome, an inflammatory pro-
cess marked by dramatic elevations of cytokine
levels.”> Because this cytokine release probably
both results from and contributes to T-cell acti-
vation, some degree of cytokine-release syndrome
is probably necessary for efficacy. In the major-
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ity of our patients, the cytokine-release syn-
drome was self-limited, with high temperatures
and myalgias that resolved spontaneously in a
few days. However, in approximately 30% of the
patients in our study, hypotension and respira-
tory insufficiency associated with this syndrome
required treatment in the intensive care unit.
The cytokine-release syndrome has been described
by several groups in association with CD19 chime-
ric antigen receptor T-cell therapy,®* but until
recently, management was nonspecific, glucocor-
ticoid-based, and directed primarily toward sup-
portive care. In severely affected patients, gluco-
corticoids may have a limited effect on toxicity
but a substantial negative effect on T-cell prolif-
eration and persistence.*”#2

We previously observed marked elevation of
interleukin-6 levels in a patient with severe cyto-
kine-release syndrome after infusion of CTL019,
and our study showed the benefit of cytokine-
directed therapy.® Tocilizumab, an interleukin-6—
receptor blocking antibody, produced a rapid and
profound improvement in severe manifestations
of the cytokine-release syndrome without an ap-
parent impact on the efficacy of CTL019. We have
now incorporated tocilizumab as a first-line agent
in the management of severe cytokine-release syn-
drome. Tocilizumab could blunt maximal T-cell
proliferation by interfering with a cytokine feed-
back loop; therefore, we have limited its use to
patients with grade 4, or life-threatening, toxic
effects. Despite this theoretical concern, in this
study, all the patients who received tocilizumab
had robust proliferation of CTL019 cells, a com-
plete remission, and the continued persistence
of CTLO19 cells. Future studies are needed to
determine whether tocilizumab can be used pre-
emptively without compromising efficacy.

We observed that many findings in patients
with the cytokine-release syndrome were similar
to those in patients with the macrophage activa-
tion syndrome or hemophagocytic lymphohis-
tiocytosis.®?*?> Hyperferritinemia is a hallmark
of these two conditions, and we observed marked
elevations in ferritin levels during the period of
maximal T-cell proliferation. The degree of ele-
vation in ferritin and C-reactive protein levels was
significantly higher in patients with severe cyto-
kine-release syndrome.

Neurologic toxic effects were seen in a sub-
group of patients. Encephalopathy typically oc-
curred after symptoms of the cytokine-release
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Figure 4. Correlates of the Cytokine-Release Syndrome.

Panel A shows peak levels of interleukin-6 in the first
28 days after infusion of CTLO19 cells in patients with
severe cytokine-release syndrome as compared with
patients with cytokine-release syndrome that was not
severe. Severe cytokine-release syndrome was defined
as hypotension requiring the use of two or more vaso-
pressors or respiratory failure requiring mechanical
ventilation. Panel B shows the severity of cytokine-re-
lease syndrome according to the baseline disease bur-
den in bone marrow after chemotherapy and before in-
fusion (in the pediatric trial only). Solid circles indicate
complete remission, open circles no response, and
horizontal lines medians.

syndrome peaked and was self-limited. CNS toxic
effects have been associated with other T-cell-
activating therapies, including other chimeric
antigen receptor-modified T-cell therapies and
blinatumomab.?*** The pathophysiology of
encephalopathy after the use of CTL0O19 is not
known. The mechanism could involve direct
T-cell-mediated toxicity or it could be cytokine-
mediated. We have observed no clear predictors
of neurologic toxic effects. CTL019-modified
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T cells were detected in the cerebrospinal fluid
of 17 of 19 patients with specimens that could
be evaluated. This may have implications for
successful surveillance of CNS disease, yet only
a fraction of the patients had encephalopathy.
The 2 patients (of the 25 patients in the pediatric
trial) in whom cerebrospinal fluid leukemic blasts
were detected (CNS-2 disease) did not have en-
cephalopathy. Neurologic toxic effects did not
obviously correlate with the severity of the cyto-
kine-release syndrome and was not prevented by
tocilizumab. Further studies are needed to de-
termine the potential predictors, mechanism,
and treatment of neurologic toxicity.

Relapsed ALL is a considerable therapeutic
challenge, particularly in patients who do not
have a second complete remission or have a re-
lapse after stem-cell transplantation.*>?% Sal-
vage therapy induces remissions in only 40% of
children who have had two or more bone mar-
row relapses, and long-term survival is quite
poor.? This study included patients with multiple
relapses or with disease that was refractory to
two or more attempts at reinduction, and 18
patients (60%) had had a relapse after allogeneic
stem-cell transplantation. Two complete remis-
sions were achieved in 3 patients with disease
that was refractory to blinatumomab, a promis-
ing CD19-directed bispecific antibody for re-
lapsed ALL,* suggesting that a lack of response
to CD19-directed therapy may not preclude suc-
cessful therapy with CTL019. The complete re-

mission rate of 90% and sustained remissions of
up to 2 years that were seen in this study are
encouraging.
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