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A B S T R A C T

Purpose
Progressive malignancy is the leading cause of death after allogeneic hematopoietic stem-cell
transplantation (alloHSCT). After alloHSCT, B-cell malignancies often are treatedwith unmanipulated
donor lymphocyte infusions (DLIs) from the transplant donor. DLIs frequently are not effective at
eradicating malignancy and often cause graft-versus-host disease, a potentially lethal immune
response against normal recipient tissues.

Methods
We conducted a clinical trial of allogeneic T cells genetically engineered to express a chimeric
antigen receptor (CAR) targeting the B-cell antigen CD19. Patients with B-cell malignancies that had
progressed after alloHSCT received a single infusion of CAR T cells. No chemotherapy or other
therapies were administered. The T cells were obtained from each recipient’s alloHSCT donor.

Results
Eight of 20 treated patients obtained remission, which included six complete remissions (CRs) and
two partial remissions. The response rate was highest for acute lymphoblastic leukemia, with four of
five patients obtaining minimal residual disease–negative CR. Responses also occurred in chronic
lymphocytic leukemia and lymphoma. The longest ongoing CR was more than 30 months in a
patient with chronic lymphocytic leukemia. New-onset acute graft-versus-host disease after CAR
T-cell infusion developed in none of the patients. Toxicities included fever, tachycardia, and
hypotension. Peak blood CAR T-cell levels were higher in patients who obtained remissions than in
those who did not. Programmed cell death protein-1 expression was significantly elevated on CAR
T cells after infusion. Presence of blood B cells before CAR T-cell infusion was associated with
higher postinfusion CAR T-cell levels.

Conclusion
Allogeneic anti-CD19 CAR T cells can effectively treat B-cell malignancies that progress after
alloHSCT. The findings point toward a future when antigen-specific T-cell therapies will play a central
role in alloHSCT.

J Clin Oncol 34:1112-1121. © 2016 by American Society of Clinical Oncology

INTRODUCTION

Allogeneic hematopoietic stem-cell trans-
plantation (alloHSCT) cures some patients with
advanced B-cell malignancies; however, many
patients never enter complete remission (CR)
after alloHSCT, andmany who do enter CR have a
relapse.1,2 Progressive malignancy is the leading
cause of death after alloHSCT.3 Patients with
relapsing acute lymphoblastic leukemia (ALL)

after alloHSCT have a median survival of
5.5 months,4 and diffuse large–B-cell lymphoma
(DLBCL) that persists despite alloHSCT also
carries a poor prognosis.5,6

Donor lymphocyte infusions (DLIs) of
unmanipulated allogeneic lymphocytes from the
transplant donor are commonly used to treat
B-cell malignancies after alloHSCT.2,6 Remissions
after DLIs are more likely with indolent lym-
phomas and chronic lymphocytic leukemia (CLL)
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than with ALL and DLBCL.2,6,7 ALL is particularly resistant to
DLIs, with reported CR rates of 0% to 20%.6-8 Graft-versus-host
disease (GVHD) is damage to normal recipient tissues caused by
allogeneic immune responses after alloHSCT.2 Clinically sig-
nificant acute GVHD (aGVHD) develops in approximately one-
third of patients who receive DLIs, and GVHD is the main cause of
the 6% to 11% treatment-related mortality rate from DLIs.6,9

Improved treatments for B-cell malignancies that progress after
alloHSCT are needed.

Chimeric antigen receptors (CARs) are fusion proteins that
contain an antigen recognition moiety and a T-cell activation
domain.10-13 T cells genetically modified to express anti-CD19
CARs (CAR19) have specific cytotoxic effects against CD19+ tar-
get cells.14-16 Autologous CAR19 T cells have produced remissions
in previously treated patients with B-cell malignancies.11,17-23

Preliminary results with donor-derived CAR19 T cells have been
reported.24,25 We report mature clinical results and an extensive
immunologic analysis of 20 patients who received alloHSCT treated
on a clinical trial of donor-derived allogeneic CAR19 T cells.

METHODS

Study Design and Participants
This phase I dose escalation trial was carried out by the Experimental

Transplantation and Immunology Branch of the US National Cancer
Institute. Patients were treated between August 2010 and February 2015.
The study protocol was approved by the National Cancer Institute
institutional review board and by the US Food and Drug Administration.
Patients gave informed consent in compliance with the Declaration of
Helsinki.

We enrolled adult patients with measurable CD19+ B-cell malig-
nancies. Patients had previously undergone HLA-matched sibling (sibling)
or unrelated donor (URD) alloHSCT. URD cells were acquired through the
National Marrow Donor Program. Uniform CD19 expression on malig-
nant cells by immunohistochemistry or flow cytometry was required.
Except for patients with ALL or DLBCL, at least one prior DLIwas required
for enrollment. Immunosuppressive drugs, which included systemic
corticosteroids above physiologic dosing, were not allowed within 4 weeks
before CAR19 T-cell infusion. Chemotherapy and antibody therapies were
required to be stopped by 2 weeks before CAR19 T-cell infusion, and
staging was always carried out more than 2 weeks after the last therapy
before CAR T-cell infusions. Patients with evidence of aGVHD of greater
than grade I26 and patients with evidence of chronic GVHD greater than
mild global score were excluded.27 An Eastern Cooperative Oncology
Group performance status of 2 or less and essentially normal major organ
function were required.

Cell Production and Administration
The CAR used in this work included a murine single-chain variable

fragment antigen-recognition domain, a CD28 costimulatory domain, and
a CD3z T-cell activation domain.14 Peripheral blood mononuclear cells
used to produce CAR T cells were provided by the patient’s transplant
donor. Cell culture and gamma-retroviral transductions were performed as
described in the Data Supplement.20,24 CAR T-cell production took 8 days.
Enzyme-linked immunosorbent assays; quantitative polymerase chain
reaction; and flow cytometry, which included a CAR-specific antibody
provided by L. Cooper,28 are described in the Data Supplement.

Patients received a single dose of CAR T cells; no other treatments
were administered on the protocol. Separate dose escalations were con-
ducted for recipients of URD transplants and those of sibling transplants
(Data Supplement). Each dose level included a range of possible cell doses.
Dose escalation followed a standard 3 + 3 design.

Toxicity Grading and Response Staging
Toxicity was graded by the Common Terminology Criteria for

Adverse Events version 4.02. In general, grade 4 toxicities attributable to
CAR19 T cells were considered dose-limiting toxicities, with the exception
of pre-existing cytopenias and B-cell depletion.

Malignancy response assessments for lymphoma and CLL were as
previously specified.29,30 Criteria for a CR for ALL were 5% lymphoblasts
or less on bone marrow aspirate, no extramedullary leukemia, blood
platelet count of 100,000/mL or more, and blood neutrophil count of
1,000/mL or more. Minimal residual disease (MRD)–negative CR required
less than 0.01% ALL by multicolor flow cytometry of bone marrow.

RESULTS

Patient Characteristics
Twenty patients with B-cell malignancies were treated

(Table 1). Six patients provided informed consent for the protocol
but did not receive the CAR T-cell infusion (Data Supplement).
Preliminary results of the first 10 patients have been previously
reported.24 The protocol treatment consisted of a single infusion of
CAR19 T cells obtained from the allogeneic transplant donor.
Thirteen sibling and seven URD recipients were treated (Table 1).
Patient 5 had received three prior alloHSCTs. Patients 7 and 15
each received two prior alloHSCTs; all other patients had received
one prior alloHSCT. Patients had received a median of four post-
transplant lines of therapy before enrollment; at least 2 months
elapsed between the most recent standard DLI and CAR19 T-cell
infusion (Data Supplement). A median of 100% of recipient’s
endogenous T cells were of donor origin at the time of study
enrollment (Data Supplement). All patients had measurable
malignancy at the time of CAR19 T-cell infusion. An important
contrast between this study and most prior CAR T-cell studies was
that chemotherapy was not administered before CAR19 T-cell
infusion, so most patients were not depleted of endogenous T cells
and natural killer cells at the time of CAR19 T-cell infusion
(Table 1).

Cell Characteristics, Response Rates, and Toxicity
Amedian of 67.3% of all infused T cells expressed CAR19, and

the median CD8:CD4 ratio of the infused CAR-positive T cells was
1.2 (Table 2). Most of the toxicities the patients experienced (eg,
fever, tachycardia, hypotension) have been observed on other trials
of CART cells and are consistent with cytokine release syndrome as
described.19-22,31 Grade 3 and 4 toxicities for each patient are listed
in Table 2. An increase in serum creatine kinase occurred in two
patients; increased creatine kinase was associated with muscle pain
in both and weakness in one. A complete lack of new-onset
aGVHD after CAR19 T-cell infusion occurred, despite 14 of the
20 patients having had a history of GVHD at some time after their
most recent alloHSCT before enrollment on the CAR19 T-cell trial.
GVHD occurred in only two patients on the trial. Mild chronic
ocular GVHD developed in patient 5 approximately 2 years after
CAR19 T-cell infusion, which was long after all CAR19 T cells had
disappeared from her blood. Patient 17 had slowly worsening
chronic GVHD still meeting criteria for mild27 involvement before
her CAR19 T-cell infusion; the GVHD continued to slowly worsen
after her CAR19 T-cell infusion. Cell doses were progressively
increased, with different dose levels for sibling and URD recipients;
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maximum tolerated doses were not reached. Overall, eight of the
20 patients obtained either CR or partial remission (PR; Table 2).

Rapid Elimination of CLL Cells After CAR19 T-Cell
Infusion

The course of patient 11 illustrates many common findings in
patients who receive CAR19 T cells. Patient 11 had CLL that
persisted despite a URD transplant and four standard DLIs. Her
last standard DLI of 5 3 107 CD3+ T cells/kg was administered
4 months before her CAR19 T-cell infusion and was followed by
progressive CLL. At the time of the CAR T-cell infusion, her blood
B-lymphocyte count was elevated due to CLL; blood T-cell and

natural killer cell counts were normal (Table 1). After infusion of
5 3 106 CAR19 T cells/kg, which was a T-cell dose 10-fold lower
than her last standard DLI dose, a rapid elimination of CLL cells
from the lymph nodes, blood, and bone marrow occurred (Fig 1A-
1C). Blood B lymphocytes, which were predominantly CLL cells,
dropped from 3,372 to 0/mL over the 11 days after CAR19 T-cell
infusion (Fig 1C). Such rapid responses are not characteristic of the
antimalignancy responses that occur after standard DLIs, which
usually occur over several weeks.7 During the time that CLL was
being eliminated, Patient 11 experienced fevers, and her serum
lactate dehydrogenase and interleukin-6 levels increased (Fig 1D).
After a 9-day in vitro culture period with CLL cells from patient 11,
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Fig 1. Rapid reduction of chronic lympho-

cytic leukemia (CLL) in lymph nodes, bone
marrow, and blood after infusion of unrelated
donor anti-CD19 chimeric antigen receptor
(CAR19) T cells. (A) Computerized axial
tomography scans demonstrate elimination
of adenopathy (arrows) after CAR19 T-cell
infusion. (B) CD20 immunohistochemical
staining of bone marrow demonstrates
eradication of bonemarrow CLL (violet mass)
after CAR19 T-cell infusion. (C) Before
CAR19 T-cell infusion, patient 11 had a blood
CD19+ B-cell count of 3,372 cells/mL (normal
B-cell count, 81 to 493/mL). The B-cell count
was elevated because of a large burden of
CD19+ CLL cells. On day 11 after CAR19 T-
cells infusion, the blood B-cell count was 0
cells/mL, which indicates a complete elimi-
nation of both CLL and normal B cells from
the blood. Polyclonal B cells recovered to
normal levels by 188 days after CAR19 T-cell
infusion. (D) During the first 10 days after
CAR19 T-cell infusion, serum lactate dehy-
drogenase (LDH), serum interleukin-6 (IL-6),
and temperature were elevated. (E) Specific
recognition of CLL cells by CAR19 T cells
was demonstrated in vitro. T cells from
patient 11’s unrelated donor were either
transduced with the CAR19 vector or left
untransduced. Both CAR19 T cells and
untransduced donor T cells were then cul-
tured in vitro with the patient’s CLL cells for 9
days to simulate in vivo exposure to CLL
cells. After this culture period, the CAR19
T cells (CAR) recognized the patient’s CLL as
shown by interferon g (IFNg) production in an
enzyme-linked immunosorbent assay,
whereas the untransduced T cells (UT) failed
to recognize the CLL. Neither the CAR19 nor
the untransduced donor T cells produced
IFNg in response to remission peripheral
blood mononuclear cells (PBMCs) obtained
from patient 11 after CAR19 T-cell infusion
when CLL cells and normal B cells were
absent from the blood.
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CAR-transduced donor T cells but not untransduced donor T cells
recognized the CLL cells as demonstrated by specific interferon
gamma production (Fig 1E).

Allogeneic CAR19 T Cells Were Highly Effective at
Inducing Remission of ALL

Four of five patients with ALL with elevated bone marrow
blast counts of up to 78% obtained MRD-negative CR, with
subsequent recovery of normal hematopoiesis after CAR19 T-cell
infusion (Fig 2A and 2B). All the patients with ALL experienced
fevers and elevated serum lactate dehydrogenase and interleukin-6
levels in the first 2 weeks after CAR19 T-cell infusion (Fig 2C-2E).
All four patients with ALL who obtained CR had recovery of
normal polyclonal B cells (Fig 2F).

Rapid Remission of DLBCL After CAR19 T-Cell Infusion
Patient 17 had DLBCL that persisted after alloHSCT. After

infusion of donor-derived CAR19 T cells, regression of large
lymphoma masses occurred with striking rapidity (Fig 3A and 3B);
a large head mass that was easily palpable before the CAR T-cell
infusion was not palpable 5 days after the infusion. The 6-month
event-free survival of all 20 treated patients was 39% (Fig 3C); the
overall survival is shown in Figure 3D.

Patients Obtaining Remission Had Higher Peak Blood
CAR19 Levels

CAR19 T cells were measured by quantitative polymerase
chain reaction (Fig 4A and 4B). CAR T cells in the blood followed
one of two patterns: They were undetectable or detectable at very-
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Fig 2. Allogeneic anti-CD19 chimeric antigen
receptor (CAR19) T cells are highly effective
against acute lymphoblastic leukemia (ALL). (A)
Patient 14 obtained a minimal residual
disease–negative complete remission and had
reconstitution of normal hematopoiesis after
CAR19 T-cell infusion. Wright-Giemsa and ter-
minal deoxynucleotidyl transferase (TdT) stains
are shown. (B) The bone marrow blast percen-
tages from before CAR19 T-cell infusion and
1 month after the infusion are shown. Blast
percentages were determined morphologically
on bone marrow aspirates. ALL in patient 16 did
not respond to the CAR T-cell infusion as
determined by peripheral blood counts, and no
follow-up bone marrow biopsy was performed,
so this patient’s postinfusion bone marrow blast
percentage is reported as 95%, which was the
same as that before infusion. Because no
postinfusion bone marrow biopsy was per-
formed on patient 16, the line for this patient is
dashed. The symbols for each patient are
defined in (B). The same symbols are used for
each patient in (C), (D), (E), and (F). (C) Fever
developed in all the patients with ALL after
infusion of CAR19 T cells. The maximum daily
temperature of each patient is shown. (D) Serum
lactase dehydrogenase (LDH) levels increased in
all patients with ALL during the time when they
were experiencing clinical toxicity. The max-
imum measurable serum LDH concentration
was 2,500 units/L, and patients 15 and 20 both
had serum LDH concentrations of greater than
2,500 units/L on multiple days. (E) Serum
interleukin-6 (IL-6) levels increased after CAR19
T-cell infusion. (F) In patients 15 and 20, normal
polyclonal B cells were eradicated after CAR19
T-cell infusion. The other patients with ALL
already had very low blood B-cell levels before
CAR19 T-cell infusion. Recovery of polyclonal B
cells was detected in four of five patients with
ALL. Patient 16 did not recover polyclonal B cells
by 29 days after infusion, and after that time,
was not evaluable for B-cell recovery.
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low levels or they rapidly rose to a peak within 2 weeks after
infusion followed by a rapid decline. Patients who did not obtain an
antimalignancy response of CR or PR were more likely to have low
or undetectable blood CART-cell levels (Fig 4B). The peak levels of
blood CAR19 T cells were significantly higher in patients with an
antimalignancy response of CR or PR compared with patients with
stable disease or progressive disease (Fig 4C). Of note, peak blood
CAR19 T-cell levels were not predicted by the number of CAR19
T cells infused (Fig 4D), which indicates that factors other than
T-cell dose must contribute to the determination of peak CAR19
T-cell numbers. Because CAR19 T cells proliferate when exposed to
CD19+ target cells,14 we hypothesized that exposure to CD19+ cells
in vivo increases proliferation and persistence of CAR19 T cells. In
agreement with this hypothesis, peak blood CAR T-cell levels were
higher in patients with blood B-lymphocyte counts above the lower
limit of normal immediately before infusion of CAR19 T cells than

in those with below-normal blood B-lymphocyte counts imme-
diately before CAR19 T-cell infusion (Fig 4E).

Characterization of Blood CAR19 T Cells
Themedian ratio of CD8+ to CD4+ CAR19 T cells in the blood

during the time of peak in vivo CAR19 T-cell levels was 1.3. The
CD8:CD4 CAR19 T-cell ratio was higher in patients who
obtained either CR or PR after infusion than in those who did
not obtain a remission (Fig 4F). Based on expression of CD45RA
and C-C chemokine receptor type 7 (CCR7), T cells can be
divided into four subsets: naı̈ve, central memory (CM), effector
memory, and effector memory RA.32 Naı̈ve and CM T cells are
less differentiated and have greater proliferative capacity than
the other two T-cell subsets.32 A large fraction of the infused
CAR19 cells had phenotypes of less-differentiated naı̈ve and CM
T cells (Fig 4G). After infusion, the fraction of CAR19 T cells
with naı̈ve or CM phenotypes decreased as the fraction of T cells
with more-differentiated effector memory and effector memory
RA phenotypes increased (Fig 4G; Data Supplement). The
programmed cell death protein-1 (PD-1) is an inhibitory
receptor expressed on T cells.33 A dramatic increase in the
fraction of CAR19 T cells that expressed PD-1 occurred between
the time of infusion and the time of peak CAR19 blood levels
(Fig 4H). As well, PD-1 expression was higher on blood CAR19-
expressing T cells than on blood CAR19-negative T cells (Data
Supplement).

DISCUSSION

The graft-versus-malignancy (GVM) effect of HLA-matched
alloHSCT and standard DLIs is caused mainly by donor lym-
phocyte targeting of allogeneic antigens that differ between the
donor and recipient.34,35 These allogeneic immune responses do
not specifically target malignant cells and often cause GVHD,
which damages normal recipient tissues.2,9 We aimed to enhance
the GVM potency of allogeneic T cells without worsening GVHD
by genetically engineering allogeneic T cells to specifically target
the B-cell antigen CD19. We have demonstrated remissions of
B-cell malignancies in patients who did not obtain remissions
after standard DLIs, and patients receiving CAR19 T cells
obtained CR of ALL and DLBC, malignancies that generally have
low CR rates after standard DLIs.5-8

In contrast to standard DLIs,6,9 new-onset aGVHD after
infusion of CAR19 T cells developed in none of the patients. One
factor that might explain this lack of GVHD is the limited
persistence of the CAR19 T cells because aGVHD takes a median
of 4 weeks to develop after standard DLIs,7,9 whereas the per-
sistence of CAR19 T cells was generally limited to fewer than
4 weeks (Fig 4A and 4B). T-cell doses administered on this trial
ranged from 106 to 107/kg; these modest doses are another
possible explanation for the lack of GVHD. With standard DLIs,
a threshold dose of 107 T cells/kg has been suggested, above
which clinically significant GVHD becomes more likely in HLA-
matched sibling alloHSCT.6,36 Genetic modification of T cells to
specifically target CD19 makes each CAR19 T cell a more potent
killer of malignancy compared with unmanipulated T cells. The
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Fig 3. Rapid eradication of diffuse large–B-cell lymphoma after allogeneic CAR19
T-cell infusion. (A) Magnetic resonance images show rapid complete elimination of
lymphoma masses (arrows). Images are from before treatment, 15 days after anti-
CD19 chimeric antigen receptor (CAR19) T-cell infusion, and 99 days after CAR19 T-
cell infusion. The remission continued over 6 months after infusion. (B) Positron
emission tomography scan showsmetabolically active lymphoma before CAR19 T-
cell infusion (arrows). Thirty-five days after the CAR19 T-cell infusion, the scan
showed no evidence of lymphoma. (C) The event-free survival of all 20 patients
treated on the study is shown. Events were defined as progression of malignancy,
receipt of any antimalignancy therapy after CAR19 T-cell infusion, or death from any
cause. (D) The overall survival of all 20 patients treated on the study is shown. For
(C) and (D), survival fractions were calculated by Kaplan-Meier method, and gold
lines indicate censored patients.
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increased antimalignancy potency of CAR19 T cells allowed
small doses of T cells to eradicate malignancy without causing
GVHD; therefore, this work demonstrates a solution to the
central problem of alloHSCT, the separation of GVM from
GVHD.

Substantial evidence indicates that depletion of recipient
lymphocytes enhances the antitumor activity of adoptively
transferred T cells.37,38 Because patients on our protocol did not
receive chemotherapy before CAR T-cell infusion, most were not
depleted of lymphocytes at the time of the infusion; therefore, their
remissions demonstrated that prior lymphocyte depletion is not an
absolute requirement for the antimalignancy activity of CAR19
T cells. In other studies, administration of autologous CAR19
T cells after chemotherapy achieved higher response rates for CLL
and lymphoma than those reported here.20,22 This higher response

rate could be attributable to increased T-cell activity in patients
with depleted lymphocytes, with a possible contribution by direct
antimalignancy activity of chemotherapy. Lymphocyte-depleting
chemotherapy was not included in the current protocol due to
concern that introduction of CAR T cells into a recipient with
depleted lymphocytes might cause severe GVHD. Lack of che-
motherapy in this protocol allowed a clear interpretation of
antimalignancy responses of CAR19 T cells without the con-
founding direct antimalignancy activity of chemotherapy.

Use of normal donor T cells, which contained large per-
centages of naı̈ve and CM T cells (Fig 4G), might have contributed
to the ability of allogeneic CAR19 T cells to cause remissions of
malignancy in the absence of recipient lymphocyte depletion.
Allogeneic responses, when CAR T cells target allogeneic antigens
through their natural HLA-restricted T-cell receptors, might have
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Fig 4. High peak blood levels of anti-CD19 chimeric antigen receptor (CAR19) T cells were associated with remissions of malignancy. (A) The absolute numbers of blood
T cells that contained the CAR gene were assessed by quantitative polymerase chain reaction (qPCR) before infusion and at multiple time points after infusion. Results for
patients who obtained a response of either a complete remission (CR) or a partial remission (PR) are shown. (B) The absolute numbers of T cells that contained the CAR
genewere assessed by qPCR for all patients withmalignancies that did not respond to CAR19 T cells. Lack of responsewas defined as a response of stable disease (SD) or
progressive disease (PD). (C) The peak numbers of blood CAR-positive (CAR+) T cells were higher in responders (patients obtaining CR or PR) than in nonresponders
(patients with SD or PD). CAR+ T cells were measured by qPCR. P = .001 by Mann-Whitney test. (D) Linear regression analysis of the number of infused CAR+ T cells per
kilogram for each patient versus the peak number of blood CAR+ T cells for each patient was performed. Blood CAR+ T cells were measured by qPCR. The peak CAR+ T-
cell level was not predicted by the number of infused CAR+ T cells (R2 = 0.004). (E) Patients with blood B-lymphocyte counts above the lower limit of normal before CAR19
T-cell infusion (B-cell replete) had higher peak blood CAR+ T-cell levels than patients with low blood B-lymphocyte counts before CAR19 T-cell infusion (B-cell depleted).
CAR+ T cells were measured by qPCR. The normal range for blood B lymphocytes is 81 to 493/mL. B lymphocytes were defined as CD19+ lymphocytes, which included
both normal lymphocytes and chronic lymphocytic leukemia lymphocytes. The median blood B-cell count for B-cell–replete patients was 322/mL. The median blood B-cell
count for B-cell–depleted patients was 1/mL. The groups were compared by Mann-Whitney test. For (C), (D), and (E), analysis was performed on all 20 treated patients. (F)
Flow cytometry stainingwith amonoclonal antibody specific for CAR19was performed. Cells were also stained for CD3, CD4, and CD8. The CD8:CD4 ratios of CD3+ CAR+
cells were calculated. Flow cytometry was performed on peripheral blood mononuclear cells (PBMCs) obtained 5 to 14 days after CAR T-cell infusion during the time of
each patient’s peak CAR19 blood level. The fraction of CAR19 T cells that were CD8+was higher for patients with responses of CR or PR (responders) than for patients with
outcomes of SD or PD (nonresponders). The groups were compared by Mann-Whitney test. (G) Flow cytometry was performed on a sample of the infused T cells or on
PBMCs from the time of each patient’s peak CAR19 T-cell level between 5 and 14 days after infusion. For this analysis, naı̈ve T cells were defined as cells with a CD45RA+

C-C chemokine receptor type 7–positive (CCR7+) phenotype, and central memory (CM) T cells were defined as cells with a CD45RA2 CCR7+ phenotype. A substantial
fraction of the CAR+ T cells had a naı̈ve or CM phenotype at the time of infusion. For both CD8+ and CD4+ T cells, the fraction of CAR-expressing T cells with a naı̈ve or CM
phenotype decreased between the time of infusion and the time of peak blood levels of CAR19 T cells. The mean and SEM are shown for each category. The Wilcoxon
matched pairs signed rank test was used to compare the fraction of naı̈ve plus CM cells among the infused CAR-expressing T cells to the fraction of naı̈ve plus CM cells
among CAR-expressing T cells from the time of peak blood CAR T-cell levels (for both CD8+ and CD4+ T cells, P , .001). (H) Flow cytometry to detect programmed cell
death protein-1 (PD-1) was performed on a sample of the infused T cells or on PBMCs from the time of peak CAR19 levels. The fraction of both CD8+ and CD4+ CAR+
T cells expressing PD-1 increased between the time of infusion and the time of peak blood CAR19 T-cell levels. The mean and SEM are shown for each category. By the
Wilcoxon matched pairs signed rank test, P , .001 for both the CD8 and the CD4 comparisons. For (F), (G), and (H), analyses were performed on all 16 patients with
detectable blood CAR19 T cells and available blood samples.

www.jco.org © 2016 by American Society of Clinical Oncology 1119

Allogeneic Anti-CD19 CAR T Cells

http://www.jco.org


made CAR19 T cells less dependent on recipient lymphocyte
depletion by contributing to cell proliferation and antimalignancy
activity of the CAR19 T cells.

Although allogeneic T-cell responses might contribute to the
persistence and antimalignancy activity of CAR19 T cells, several
observations from this study indicate that allogeneic responses were
not the main cause of the remissions. GVHD is strongly linked to
GVM after standard DLIs,6,9 but new-onset aGVHD developed in
noneof thepatients receivingCAR19Tcells.Manyof thepatientswho
obtained remission after CAR19 T-cell infusions did not obtain
remission after standard DLIs that contained higher T-cell doses,
which demonstrates that in some cases, CAR19 T-cell infusion is
superior to standardDLI at eradicatingmalignancy. Inmany patients,
onset of remission occurred within 10 days after CAR19 T-cell
infusion. This was not consistent with a major contribution from
allogeneic T-cell response because most remissions caused by
standard DLIs occur over several weeks.7 Finally, there was no stat-
istically significant difference in peak blood CAR19 T-cell levels
between sibling and URD donor-recipient pairs, despite a generally
greater allogeneic antigen disparity with URD donor-recipient pairs
compared with sibling donor-recipient pairs (Data Supplement).9 In
other trials, patientswithALLafter alloHSCTwere treatedwithTcells
collected from the patients with ALL, with results similar to the
current study.21,39 These findings show that in some patients, T cells
can be collected from patients after allogeneic transplant to generate
CAR19 T cells.

The finding that remission was more likely in patients with
higher peak blood levels of CAR19 T cells (Fig 4C) indicates that
increasing the peak blood levels of CAR19 T cells in vivo is an
important goal for future research. Patients with normal or above-
normal blood B-lymphocyte levels had higher peak blood CAR19
T-cell levels (Fig 4E), and we observed that many patients with a
low malignancy burden and low normal blood B-cell level did not
obtain remission of malignancy after CAR19 T-cell infusion. These
observations indicate that endogenous CD19+ cells might have
enhanced proliferation of CAR19 T cells and suggest that CD19+

cellular vaccines might enhance CAR19 T-cell proliferation in
patients with low levels of endogenous CD19+ cells. Another
possible avenue of improvement is by administering PD-1
antagonists after CAR19 T-cell infusion because of the high lev-
els of PD-1 expression on CAR19 T cells at the time of peak blood
CAR19 T-cell levels (Fig 4H).40

We envision a promising future when CAR T-cell therapy will
be commonly used in transplant regimens to specifically target
malignancy-associated antigens. CART cells could be administered
as planned infusions along with or soon after stem-cell infusions.
Genetically targeted T cells will be an integral part of allogeneic
transplant protocols to separate GVM from GVHD.
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