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A B S T R A C T

Purpose
T cells can be genetically modified to express an anti-CD19 chimeric antigen receptor (CAR). We
assessed the safety and efficacy of administering autologous anti-CD19 CAR T cells to patients
with advanced CD19� B-cell malignancies.

Patients and Methods
We treated 15 patients with advanced B-cell malignancies. Nine patients had diffuse large B-cell
lymphoma (DLBCL), two had indolent lymphomas, and four had chronic lymphocytic leukemia.
Patients received a conditioning chemotherapy regimen of cyclophosphamide and fludarabine
followed by a single infusion of anti-CD19 CAR T cells.

Results
Of 15 patients, eight achieved complete remissions (CRs), four achieved partial remissions,
one had stable lymphoma, and two were not evaluable for response. CRs were obtained by
four of seven evaluable patients with chemotherapy-refractory DLBCL; three of these four CRs
are ongoing, with durations ranging from 9 to 22 months. Acute toxicities including fever,
hypotension, delirium, and other neurologic toxicities occurred in some patients after infusion
of anti-CD19 CAR T cells; these toxicities resolved within 3 weeks after cell infusion. One patient
died suddenly as a result of an unknown cause 16 days after cell infusion. CAR T cells were
detected in the blood of patients at peak levels, ranging from nine to 777 CAR-positive T cells/�L.

Conclusion
This is the first report to our knowledge of successful treatment of DLBCL with anti-CD19 CAR T
cells. These results demonstrate the feasibility and effectiveness of treating chemotherapy-
refractory B-cell malignancies with anti-CD19 CAR T cells. The numerous remissions obtained
provide strong support for further development of this approach.

J Clin Oncol 33:540-549. © 2014 by American Society of Clinical Oncology

INTRODUCTION

Recent advances have improved the treatment of
B-cell malignancies, but many patients still succumb
to these diseases.1-7 Among patients with diffuse
large B-cell lymphoma (DLBCL) refractory to
second-line chemotherapy, � 50% of patients re-
spond to third-line chemotherapy, and few experi-
ence long-term survival.1-3 In patients with DLBCL
that has progressed after autologous stem-cell
transplantation, median overall survival is � 10

months.4,8 Improved treatments for chemotherapy-
refractory B-cell malignancies are clearly needed.

CD19 is an antigen expressed on malignant and
normal B cells but not on other normal cells.9 Chi-
meric antigen receptors (CARs) are fusion proteins
incorporating antigen-recognition domains and
T-cell activation domains.10-14 T cells expressing
anti-CD19 CARs recognize and kill CD19� target
cells.15-21 In our previous studies of anti-CD19 CAR
T cells, multiple patients with indolent B-cell malig-
nancies had specific depletion of normal B cells and
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lengthy remissions.22,23 Other groups have also reported regressions of
B-cell malignancies in patients receiving infusions of anti-CD19 CAR
T cells.24-31

We now report the first patients to our knowledge to obtain
complete remissions (CRs) in chemotherapy-refractory DLBCL after
receiving anti-CD19 CAR T cells. We have significantly changed our
anti-CD19 CAR T-cell production process and clinical treatment pro-
tocol since our last report.23 After treatment with our modified anti-
CD19 CAR protocol, 12 of 13 evaluable patients with a variety of B-cell
malignancies obtained partial (PRs) or CRs.

PATIENTS AND METHODS

Clinical Trial and Patient Information

All enrolled patients provided informed consent. The protocol was ap-
proved by the institutional review board of the National Cancer Institute.
CD19 expression by malignancies was confirmed by either flow cytometry or
immunohistochemistry (IHC).

Preparation of Anti-CD19 CAR T Cells and Ex Vivo Assays

The gammaretroviral vector encoding the CAR (Fig 1A) has been de-
scribed.21 Anti-CD19 CAR T cells were produced by adding the anti-CD3
monoclonal antibody OKT3 directly to whole peripheral-blood mononuclear
cells (PBMCs) suspended in culture medium containing interleukin-2 (IL-2),
as described in the Data Supplement.23,24 CAR T cells were dosed as a number
of CD3� CAR-positive cells/kg bodyweight (Table 1). The percentage of
CAR-positive T cells was determined by flow cytometry and used to calculate
the total number of cells to infuse to achieve the target dose. Flow cytometry,
IHC, and quantitative polymerase chain reaction (qPCR) are described in the
Data Supplement.21,23,32 L. Cooper and B. Jena provided a CAR-specific
antibody used in certain experiments.33

Anti-CD19 CAR Treatment Plan

The clinical treatment plan consisted of a course of chemotherapy, fol-
lowed 1 day later by a single infusion of anti-CD19 CAR T cells. The chemo-
therapy was cyclophosphamide at a total dose of either 120 or 60 mg/kg (Table
1), followed by five daily doses of fludarabine 25 mg/m2. Chemotherapy was
administered before anti-CD19 CAR T cells to deplete endogenous leukocytes
that can inhibit the antimalignancy activity of adoptively transferred T
cells.34-37 Because of toxicity, the dose of cells was reduced from 5 to 1 � 106

CAR-positive T cells/kg during the study. Exogenous IL-2 was not adminis-
tered to patients in this study. Treatment responses to chronic lymphocytic
leukemia (CLL) or lymphoma were defined according to standard interna-
tional criteria.38,39

RESULTS

Anti-CD19 CAR T Cells Generated From PBMCs of

Heavily Treated Patients

The anti-CD19 CAR used in our work contained a CD28 co-
stimulatory moiety (Fig 1A). CAR-expressing T cells were produced
from autologous PBMCs with a 10-day cell-production process (Fig
1B). CAR T cells were successfully produced for all patients on the first
attempt, despite the extensive prior treatment received by the patients.
This work adds to previous evidence of the feasibility of autologous
T-cell therapies for advanced hematologic malignancies.22,23,25,29

Some treated patients underwent apheresis for PBMC collection only
1 to 2 months after chemotherapy. Anti-CD19 CAR T cells were
produced despite low blood lymphocyte counts at the time of the
apheresis; for patients in the trial, the mean lymphocyte count at the
time of apheresis was 632/�L, with a range of 140 to 1,470/�L (normal

blood lymphocyte range, 1,320 to 3,570/�L; Data Supplement). CAR
expression was measured on cells 1 to 3 days before infusion by flow
cytometry (Fig 1C). A mean of 70% (range, 54% to 84%) of the
infused T cells expressed the CAR. A mean of 34% of infused
CAR-positive T cells had a C-C chemokine receptor type-7 (CCR7)–
positive, CD45RA-negative phenotype. This phenotype is consistent
with central memory T cells (Fig 1D; Data Supplement).40 T cells
expressing the CAR upregulated CD107a in a CD19-specific manner
(Fig 1E). CD107a upregulation indicates degranulation and correlates
with cytotoxicity.41 The anti-CD19 CAR T cells produced cytokines in
a CD19-specific manner (Figs 1F to 1H).

Patient Characteristics

Nine patients with DLBCL and six with indolent B-cell malig-
nancies were treated (Table 1). We were able to evaluate malig-
nancy response in 13 patients. One patient died soon after
treatment, and one patient was lost to follow-up because of non-
compliance. The nine patients with DLBCL had lymphomas of
three different subtypes. Four patients had primary mediastinal
B-cell lymphoma (PMBCL). Four patients had DLBCL not other-
wise specified (NOS), and one patient had DLBCL transformed
from CLL. Eight of nine patients with DLBCL had chemotherapy-
refractory lymphoma. We defined chemotherapy refractoriness as
no achievement of at least a PR with the most recent chemotherapy-
containing salvage regimen before enrolling onto the anti-CD19 CAR
protocol. Seven of the nine patients wtih DLBCL met the criteria for
high risk by the second-line age-adjusted international prognostic
index (Table 1).

Patients With Chemotherapy-Refractory DLBCL

Obtained Remissions After Infusion of Anti-CD19 CAR

T Cells

Of the seven evaluable patients with DLBCL, four obtained
CRs, two obtained PRs, and one had stable disease (SD) after
infusion of CAR T cells. All six patients with indolent B-cell malig-
nancies obtained either a PR or CR (Table 1). Among patients with
CLL, three of four are in ongoing CRs confirmed by multicolor
flow cytometry of the bone marrow. The cyclophosphamide and
fludarabine conditioning chemotherapy used in this study has
activity against B-cell malignancies and could have made a direct
contribution to antimalignancy responses.

Patient No. 2 was diagnosed with PMBCL. She underwent treat-
ment with six cycles of rituximab, cyclophosphamide, doxorubicin,
vincristine, and prednisone (R-CHOP); the result was progressive
lymphoma. She received mediastinal radiation therapy, which re-
sulted in a CR that lasted 5 months before relapse. Next, she received
two cycles of rituximab, ifosfamide, carboplatin, and etoposide (R-
ICE) chemotherapy; the result was SD. Finally, she received a regimen
of rituximab, cytarabine, and methotrexate, which also led to SD.
Patient No. 2 was treated on the anti-CD19 CAR protocol and entered
a CR that is ongoing after 22 months (Fig 2A).

Patient No. 7, with DLBCL NOS, was treated with five different
treatment regimens before enrolling onto the anti-CD19 CAR proto-
col. His lymphoma progressed after his last salvage chemotherapy
regimen. After treatment on the anti-CD19 CAR protocol, he entered
a CR that is ongoing after 9 months.

Treatment of Chemotherapy-Refractory Lymphoma With Autologous Anti-CD19 CAR T Cells
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Fig 1. Anti-CD19 chimeric antigen receptor (CAR) design and function. (A) Schematic of anti-CD19 CAR. Single-chain (sc) Fv region that recognizes CD19 was derived
from FMC63 monoclonal antibody. CAR contained CD28 costimulatory domain and T-cell receptor (TCR) –� T-cell activation domain. (B) Anti-CD19 CAR T cells were
produced by activating peripheral-blood mononuclear cells (PBMCs) with anti-CD3 antibody OKT3 on day 0 and transducing T cells on day 2. Cells were ready for
infusion on day 10. (C) CAR expression on T-cell surface of infused cells of patient No. 1 was detected with anti-Fab antibodies. Isotype control staining of same T cells
is also shown. Plots are gated on live CD3� lymphocytes. (D) Plots show isotype control staining and CD45RA versus CCR7 staining of CD3� CAR positive–infused
cells of patient No. 1. (E) Anti-CD19 CAR-transduced T cells of patient No. 1 were cultured for 4 hours with either CD19-K562 cells expressing CD19 or nerve growth
factor receptor (NGFR) –K562 cells not expressing CD19. CAR T cells upregulated CD107a, indicating degranulation, in CD19-specific manner. Plots gated on live CD3�

lymphocytes. Anti-CD19 CAR T cells of patient No. 1 were cultured for 6 hours with CD19-K562 or NGFR-K562 cells, and intracellular cytokine staining for (F) interferon
gamma (IFN�), (G) tumor necrosis factor (TNF), and (H) interleukin-2 (IL-2) was performed. CAR T cells produced cytokines in CD19-specific manner. Plots gated on
CD3� lymphocytes. For (E) to (H), experiments were performed on T cells at time of infusion into patient No. 1. LTR, long terminal repeat.
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Patient No. 8 was diagnosed with PMBCL. She was treated with
10 prior regimens before enrollment onto the anti-CD19 CAR proto-
col. The resistance of this lymphoma to chemotherapy was demon-
strated by the fact that it progressed � 1 month after the patient
received each of four different chemoimmunotherapy regimens:
R-CHOP, R-ICE, rituximab plus high-dose cytarabine, and ritux-
imab, gemcitabine, dexamethasone, and cisplatin. At the time of en-

rollment onto the anti-CD19 CAR protocol, patient No. 8 had a large
burden of lymphoma in her liver and other areas. After treatment on
the anti-CD19 CAR protocol, patient No. 8 entered a CR that is
ongoing after 12 months (Fig 2B).

Patient No. 14 had DLBCL NOS that progressed after R-CHOP and
alsoprogressedafter therituximab,etoposide,methylprednisolone,high-
dose cytarabine, and cisplatin regimen. He obtained a CR after treatment

Table 1. Patient Clinical Characteristics

Patient
No.

Age
(years) Sex Malignancy

No. of
Prior

Therapiesa
sAAIPI Risk

Group

Total
Cyclophosphamide

Dose (mg/kg)b

No. of CAR-
Positive T

Cells Infused
(� 106/kg)

Responsec

Grade � 3 ToxicitiesdType
Duration
(months)

1e 56 Male SMZL 4 NA 120 5 PR 23�f Hypotension, confusion,
acute renal failure,
fever

2 43 Female PMBCLg 4 Low 60 5 CR 22�f Fever, confusion,
aphasia, facial nerve
palsy, headache,
urinary tract infection

3 61 Male CLL (FR) 2 NA 60 4 CR 23�f Headache, fever,
confusion,
hypotension

4 30 Female PMBCLg 3 High 120 2.5 NE Nausea, hypoxia, dyspnea,
tachycardia, fever,
bacteremia, malaise,
vascular leak syndrome,
death

5e 63 Male CLL 4 NA 120 2.5 CR 15�f None
6 48 Male CLL (FR) 1 NA 60 2.5 CR 14�f None
7 42 Male DLBCL NOSg 5 High 60 2.5 CR 9�f Influenza, fever,

headache,
bacteremia

8 44 Female PMBCLg 10 High 60 2.5 CR 12�f Fever, pneumonitis,
hypotension, hypoxia,
bacteremia, obtundation,
elevated creatinine

9 38 Male PMBCLg 3 High 120 2.5 SD 1 Fever, aphasia,
myoclonus

10 57 Female Low-grade
NHLh

4 NA 60 1 CR 11�f Bacteremia, fever,
fatigue

11 58 Female DLBCLg from
CLL

12 High 60 1 PR 1 Bacteremia, urinary tract
infection, fever

12 60 Female DLBCL NOSg 3 High 60 1 NEi Fever, urinary tract
infection, bacteremia,
upper extremity
thrombosis

13 68 Male CLL 4 NA 60 1 PR 4 Dyspnea, upper
extremity thrombosis,
urinary tract infection,
creatinine increase,
hypotension

14 43 Male DLBCL NOSg 2 High 60 1 CR 6 Fever
15 64 Female DLBCL NOSh 3 Intermediate 60 1 PR 6�f Fever, aphasia,

encephalopathy,
neuropathy, gait
disturbance

Abbreviations: CAR, chimeric antigen receptor; CLL, chronic lymphocytic leukemia; CR, complete response; CT, computed tomography; DLBCL, diffuse large B-cell
lymphoma; FR, fludarabine refractory; NA, not applicable; NE, not evaluable; NHL, non-Hodgkin lymphoma; NOS, not otherwise specified; PET, positron emission
tomography; PMBCL, primary mediastinal B-cell lymphoma; PR, partial response; sAAIPI, second-line age-adjusted international prognostic index; SD, stable
disease; SMZL, splenic marginal zone lymphoma.

aAll prior therapies for each patient are listed in Data Supplement.
bThis chemotherapy uniformly caused profound lymphocyte depletion on day of CAR T-cell infusion (Data Supplement).
cResponse duration is time from first documentation of response, which was 1 month after cell infusion in all patients, until progression. Some patients with CRs had initial

response of PR that evolved into CR over time as PET scans and CT scans normalized. FR defined as progression � 6 months after fludarabine administration.
dAll patients had cytopenias, including neutropenia, thrombocytopenia, and anemia, resulting from chemotherapy; these are not listed.
ePatients No. 1 and 5 were previously treated on our anti-CD19 CAR T-cell protocol; they are patients No. 4 and 3, respectively, in study by Kochenderfer et al.23

fIndicates ongoing response.
gChemotherapy refractory, defined as no achievement of PR or CR after most recent chemotherapy.
hRelapse after autologous transplantation.
iLost to follow-up because patient refused to come to appointments.
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on the anti-CD19 CAR protocol (Fig 2C), but his lymphoma recurred
after 6 months.

Infusion of Anti-CD19 CAR T Cells Was Associated

With Significant but Transient Toxicity

Grade 3 and 4 toxicities experienced by patients are listed in Table
1. Toxicities mostly occurred during the first 2 weeks after infusion.
Patient No. 4, who had chemotherapy-refractory PMBCL with exten-
sive fibrotic mediastinal lymphoma involvement, died suddenly 16
days after infusion of anti-CD19 CAR T cells. The patient was not
experiencing signs of cytokine-release toxicities such as fever at the
time of death. She had a modestly decreased left ventricular ejection
fraction and sinus tachycardia before infusion of CAR T cells. Because
no cause of death was discovered at autopsy, a likely cause of death was
cardiac arrhythmia. Four of the 15 patients in the trial experienced

grade 3 or 4 hypotension. All patients had elevations in serum inter-
feron gamma and/or IL-6 around the time of peak toxicity, but most
patients did not develop elevations in serum tumor necrosis factor
(Data Supplement).

Patients experienced a variety of neurologic toxicities that have
been previously reported in those receiving infusions of CAR T cells or
high-dose IL-2.23,42 These toxicities included confusion and obtunda-
tion. In addition, three of the 15 patients developed different and
unexpected neurologic abnormalities. On day 5 after anti-CD19 CAR
T-cell infusion, patient No. 2 developed aphasia that occurred inter-
mittently for 7 days before resolving. She also had right-sided facial
paresis that lasted approximately 20 minutes on day 8 after CAR T-cell
infusion. At the time of these neurologic abnormalities, the CSF con-
tained 14 WBC/�L; qPCR analysis showed that 1.9% of these WBCs
contained the anti-CD19 CAR gene. Patient No. 9 developed aphasia 5

Before treatment 23 months after treatment

Before treatment 9 months after treatment

Before treatment 5 months after treatment

Fig 2. Complete remissions (CRs) of
chemotherapy-refractory large-cell lympho-
mas in patients receiving anti-CD19 chimeric
antigen receptor T cells. (A) Positron emission
tomography (PET)/computed tomography
(CT) scans show CR of chemotherapy-
refractory primary mediastinal B-cell lym-
phoma (PMBCL) in patient No. 2. (B) PET/CT
scans demonstrate CR of lymphoma in
patient No. 8 who had chemotherapy-
refractory PMBCL with extensive liver in-
volvement. (C) PET/CT images show CR of
diffuse large B-cell lymphoma, not other-
wise specified, in patient No. 14, who had
extensive splenic lymphoma.
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days after CAR T-cell infusion. Subsequently, he developed confusion
and severe generalized myoclonus; all of these abnormalities resolved
by 11 days after CAR T-cell infusion, except for a mild tremor that
resolved over the next month. Patient No. 15 developed aphasia 5 days
after CAR T-cell infusion, which was rapidly followed by onset of
confusion, hemifacial spasms, apraxia, and gait disturbances; these
abnormalities varied in severity until dramatically improving 20 days
after CAR T-cell infusion. Eleven days after the CAR T-cell infusion,
the CSF of patient No. 15 contained 3 WBC/�L, and flow cytometry
showed that CSF lymphocytes were 97% T cells and that 32.9% of the
T cells were CAR positive. The CNS has been shown to lack CD19
expression by other investigators.9 We assessed CD19 expression in

multiple brain regions by qPCR and IHC and found no CD19 expres-
sion (Data Supplement).

Anti-CD19 CAR T Cells Infiltrated Malignant Lymph

Node Mass

Patient No. 13 had CLL manifesting in part as a bulky cervical
lymph node mass that dramatically regressed after treatment (Fig 3A).
A fine-needle aspiration was performed on this lymph node mass 19
days after infusion of anti-CD19 CAR T cells; 70% of the aspirated
lymphocytes were T cells, and 31% of the T cells expressed the anti-
CD19 CAR as measured by flow cytometry with a CAR-specific anti-
body (Fig 3B).33
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treatment, flow cytometry of blood of patient
No. 3 revealed large population of CLL cells as
indicated by aberrant CD19�CD5� pheno-
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CLL cells. (D) Ten weeks after treatment, all B
cells were absent from blood of patient No. 3,
as shown by complete lack of CD19� cells.
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year after treatment, recovering B cells
with normal CD19�CD5� phenotype
were detected in blood of patient No. 3.
(F) Polyclonality of recovering B cells
was confirmed by kappa/lambda staining
on CD19� population from (E). In (C),
(D), and (E), plots gated on lymphocytes.

Treatment of Chemotherapy-Refractory Lymphoma With Autologous Anti-CD19 CAR T Cells

www.jco.org © 2014 by American Society of Clinical Oncology 545



Monoclonal CLL B Cells Were Eradicated and

Replaced by Polyclonal B Cells

Most patients in the trial were not evaluable for B-cell depletion
because of preexisting B-cell depletion resulting from rituximab. All
three patients who entered the trial with polyclonal blood B-cell
counts in the normal range had B-cell depletion for at least 4 months
after CAR T-cell infusion (Data Supplement). In patient No. 3, a
monoclonal population of CLL cells was present before treatment in
the trial. This CLL population had an aberrant CD19�CD5� pheno-
type (Fig 3C) and was monoclonal as determined by kappa/lambda
ratio staining. Complete eradication of B cells occurred after infusion
of anti-CD19 CAR T cells (Fig 3D). Thirteen months after the CAR
T-cell infusion, recovery of polyclonal B cells and continued absence
of the CLL cells were evident (Figs 3E and 3F). Patient No. 3 remains in
a CR that is ongoing after 23 months.

CAR T Cells Had Variable Peak Blood Levels

and Persistence

We measured blood cells containing the anti-CD19 CAR gene
by performing qPCR on DNA from total PBMCs collected before
treatment and at multiple time points after CAR T-cell infusion.
The peak level of CAR-positive blood cells varied considerably
among patients. CAR-positive cells were detected by qPCR at peak
blood levels, ranging from nine to 777 CAR-positive cells/�L (Fig
4). The number of CAR-positive blood cells peaked between 7 and
17 days after infusion.

Anti-CD19 CAR T Cells Acquired a More Differentiated

Phenotype From Time of Infusion to Time of Peak

Blood Levels

We assessed the number and phenotype of blood CAR-positive
cells at the time of the peak number of blood CAR-positive cells by
using a CAR-specific monoclonal antibody (Figs 5A and 5B; Data
Supplement).33 The time of peak CAR-positive T cells was determined
by qPCR (Fig 4). The absolute number of CAR-positive cells at the
time of the peak number of blood CAR-positive cells was determined
by both qPCR and flow cytometery, and the results of the different
methods were closely correlated (Pearson correlation coefficient, r2 �
0.95; P � .001; Data Supplement provides all absolute numbers deter-
mined by both methods.). At the time of peak blood CAR-positive
cells, a majority of CD3� CAR-positive T cells were CD8� in 12 of 15
patients, and for all 15 patients, at the time of the peak of blood
CAR-positive cells, the mean ratio of CD3�CD8� CAR-positive cells
to CD3�CD4� CAR-positive cells was 9.4.

Central memory T cells express CCR7 and lack expression of
CD45RA; in contrast, effector memory T cells lack expression of
both CCR7 and CD45RA.40 We found a decrease in the percentage
of CAR-positive T cells with a central memory phenotype and an
increase in the percentage of CAR-positive T cells with either an
effector memory phenotype or a CD8� effector memory RA phe-
notype when the infused CAR-positive cells were compared with
CAR-positive blood cells at the time of peak CAR-positive cell
numbers (Figs 5C to 5E; data not shown). An increase in the
percentage of CD3�CD8� CAR-positive T cells expressing CD57
occurred between the time of infusion and the time of peak CAR-
positive blood cells (Fig 5F). We previously reported an increase in
programmed death-1 (PD1) expression on CD4� CAR-positive T
cells after infusion.24 We were able to assess PD1 expression on

CD4� CAR-positive cells of 11 patients. In eight of these patients,
PD1 expression increased by at least three-fold from the time of
infusion to the time of the peak blood levels of CAR-positive cells.
Taken together, these phenotypic changes indicate a shift toward a
more differentiated T-cell phenotype between the time of infusion
and the time of peak blood CAR-positive T-cell levels.40,43-45
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DISCUSSION

Our results are the first to our knowledge to show CRs of DLBCL after
infusions of anti-CD19 CAR T cells. Our protocol was effective against
lymphomas refractory to salvage chemotherapy. These results are a
significant advance from previous reports, which showed the effec-
tiveness of anti-CD19 CAR T cells against leukemia and indolent
lymphomas.22-27,29,31 Because the longest duration of CR that we have
observed is ongoing at 23 months, a critical unanswered question is
whether any of the CRs achieved in this trial will lead to permanent
malignancy-free survival. A prerequisite for effective treatment of
lymphoma with T cells is infiltration of malignant lymph node masses
by the T cells. We demonstrated that anti-CD19 CAR T cells can
infiltrate malignant lymph node masses by detecting a large number of
CAR-positive T cells in a regressing lymph node mass of a patient with
CLL (Figs 3A and 3B).

The most troublesome toxicities experienced by patients on this
protocol were hypotension and neurologic toxicities (Table 1). We
previously reported neurologic toxicities including confusion and ob-
tundation occurring after infusions of anti-CD19 CAR T cells plus
high-dose IL-2.23 These toxicities still occurred in some patients when
CAR T cells were administered without IL-2, but we also observed
other unexpected neurologic toxicities including aphasia and myoc-
lonus (Table 1). The mechanism of these neurologic toxicities is not

known and is still under investigation. We speculate that the toxicity
was caused by some substance secreted from CAR T cells. Importantly,
all patients recovered completely from their neurologic toxicities.
Some of the neurologic toxicities that we observed were similar to
toxicities observed in other trials of anti-CD19 CAR T cells31 and
clinical trials of anti-CD19– and anti-CD3–bispecific antibodies.46

We treated two patients with severe toxicities by infusing the IL-6
receptor–blocking antibody tocilizumab. One of the patients had
hypotension, and the other had predominantly neurologic toxicity;
the toxicity did not substantially improve in either patient.

The number of CAR-positive T cells in the blood of our patients
rose to a peak between 7 and 17 days after infusion and then decreased
rapidly. The relative importance of peak blood CAR-positive T-cell
levels versus sustained persistence of blood CAR-positive T cells is
unknown; moreover, the importance of the levels of blood CAR-
positive T cells in general is unknown. It is possible that a more
important indicator of effectiveness in treating lymphoma could be
the number of CAR-positive T cells infiltrating lymphoma masses, so
every opportunity to study CAR-positive T cells within lymphoma
masses should be taken.

From the time of infusion to the time of peak blood levels,
anti-CD19 CAR T cells acquired a more differentiated phenotype,
manifested by a decrease in cells with a central memory phenotype and
increases in effector memory and CD57� cells (Fig 5). The CD8�
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Fig 5. Most blood chimeric antigen receptor
(CAR) –positive T cells expressed CD8, and
CAR-positive T cells acquired more differenti-
ated phenotype after infusion. (A) Example of
anti-CAR antibody staining is shown. Plot
gated on live lymphocytes. Lymphocytes
were from blood of patient No. 14 and were
collected 7 days after CAR T-cell infusion at
time of peak number of blood CAR-positive
cells. (B) At time of peak blood CAR-positive T
cell levels, majority of CAR-positive T cells
were CD8� in 12 of 15 patients. Example of
CD4 and CD8 staining at time of peak blood
CAR-positive cells is shown. Plot gated on live
CD3� CAR-positive lymphocytes from patient
No. 14. (C) Mean percentage of CD3�CD4�

CAR-positive lymphocytes expressing CCR7�

CD45RA� central memory phenotype
dropped from time of infusion to time of peak
CAR-positive cell blood levels. (D) Mean per-
centage of CD3�CD8� CAR-positive lympho-
cytes expressing CCR7�CD45RA� central
memory phenotype dropped from time of
infusion to time of peak CAR-positive cell
blood levels. (E) Mean percentage of
CD3�CD8� CAR-positive lymphocytes ex-
pressing CCR7�CD45RA� effector memory
RA phenotype increased from time of infusion
to time of peak CAR-positive cell blood levels.
(F) Mean percentage of CD3�CD8� CAR-
positive lymphocytes expressing CD57 in-
creased from time of infusion to time of peak
CAR-positive cell blood levels. In (C), (D), (E),
and (F), results from all 15 patients studied are
included in all groups. All P values from two-
tailed paired t tests comparing two groups;
error bars represent SEMs.
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effector memory RA and CD57�CD8� phenotypes are associated
with reduced proliferative capacity; acquisition of these more differ-
entiated phenotypes might partially explain the rapid decreases in
blood CAR-positive T cells in our patients.40,43-45 Generating CAR T
cells that preferentially maintain a less differentiated phenotype might
be one way to improve persistence of the T cells and possibly the
clinical effectiveness of CAR T-cell therapies.

Infusion of anti-CD19 CAR T cells is a potentially powerful new
treatment for chemotherapy-refractory B-cell malignancies. Im-
provements in gene therapy vectors, CAR design, and T-cell culture
methods will probably improve CAR T cells in the near future. New
clinical trials of CAR T cells will be needed to optimize antimalignancy
efficacy and to elucidate methods of reducing toxicity. Our results
should strongly encourage continued development of anti-CD19
CAR T-cell therapies for advanced B-cell malignancies.
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