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A B S T R A C T

Purpose
T cells genetically modified to express chimeric antigen receptors (CARs) targeting CD19 (CAR-19)
have potent activity against acute lymphoblastic leukemia, but fewer results supporting treatment of
lymphoma with CAR-19 T cells have been published. Patients with lymphoma that is chemotherapy
refractory or relapsed after autologous stem-cell transplantation have a grim prognosis, and new
treatments for these patients are clearly needed. Chemotherapy administered before adoptive T-cell
transfer has been shown to enhance the antimalignancy activity of adoptively transferred T cells.

Patients and Methods
We treated 22 patients with advanced-stage lymphoma in a clinical trial of CAR-19 T cells preceded
by low-dose chemotherapy. Nineteen patients had diffuse large B-cell lymphoma, two patients had
follicular lymphoma, and one patient had mantle cell lymphoma. Patients received a single dose of
CAR-19 T cells 2 days after a low-dose chemotherapy conditioning regimen of cyclophosphamide
plus fludarabine.

Results
The overall remission rate was 73% with 55% complete remissions and 18% partial remissions.
Eleven of 12 complete remissions are ongoing. Fifty-five percent of patients had grade 3 or 4
neurologic toxicities that completely resolved. The low-dose chemotherapy conditioning regimen
depleted blood lymphocytes and increased serum interleukin-15 (IL-15). Patients who achieved
a remission had a median peak blood CAR+ cell level of 98/mL and those who did not achieve
a remission had amedian peak blood CAR+ cell level of 15/mL (P = .027). High serum IL-15 levelswere
associated with high peak blood CAR+ cell levels (P = .001) and remissions of lymphoma (P , .001).

Conclusion
CAR-19 T cells preceded by low-dose chemotherapy induced remission of advanced-stage lym-
phoma, and high serum IL-15 levels were associated with the effectiveness of this treatment
regimen. CAR-19 T cells will likely become an important treatment for patients with relapsed
lymphoma.

J Clin Oncol 35:1803-1813. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Chimeric antigen receptors (CARs) are artificial
proteins that incorporate an antigen recognition
domain and T-cell signaling domains.1-8 T cells
genetically modified to express a CAR recognize
and kill malignant cells expressing the antigen
targeted by the CAR.9-11 T cells expressing CARs
that target the B-cell antigen CD19 (CAR-19) have
potent activity against acute lymphoid leukemia

(ALL).12-16 Lymphoma is much more common
than ALL,17,18 but compared with ALL, fewer cases
of effective treatment of lymphoma with CAR-19
T cells have been published.19-22 Diffuse large
B-cell lymphoma (DLBCL) that is either refractory
to chemotherapy17,18,23-25 or relapsed after autol-
ogous stem-cell transplantation (ASCT)26,27 car-
ries a grim prognosis. New therapies are needed for
advanced-stage B-cell lymphomas. CAR T cells
cause adverse events including but not limited
to hypotension, cardiac toxicity, and neurologic
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toxicities. These toxicities are thought to be caused by cytokines
directly released by CART cells or released by other cells in response
to cytokines produced by CAR T cells.12,13,15,21,28

Recipient leukocyte depletion by radiation therapy or che-
motherapy enhanced the antitumor activity of adoptively
transferred T cells in multiple murine models,29-31 and most
clinical trials of adoptive T-cell therapy include chemother-
apy before T-cell infusions.12,14-16,20,21 In mice, one way that
recipient lymphocyte depletion enhances the antitumor activity
of adoptively transferred T cells is by increasing serum levels of
cytokines such as interleukin-15 (IL-15).30 IL-15 is a glyco-
protein in the 4-a-helix bundle family of cytokines.32-34 IL-15
is primarily produced by dendritic cells, monocytes, and
macrophages,32,34 and it induces T-cell proliferation and en-
hances T-cell function.32-34

We previously treated B-cell malignancies with CAR-19
T cells preceded by treatment with fludarabine and high-dose
cyclophosphamide.21 This high-dose chemotherapy regimen
combined with an infusion of CAR-19 T cells resulted in many
long-term remissions of B-cell malignancies, but it also caused
significant toxicity.20,21 We hypothesized that administering
a low-dose chemotherapy regimen before infusion of CAR-19
T cells would promote their antilymphoma activity and would
cause less hematologic toxicity than high-dose chemotherapy.
Use of low-dose chemotherapy would also allow a clear de-
termination of the antilymphoma activity of CAR-19 T cells
because the low-dose chemotherapy has limited direct anti-
lymphoma activity.

PATIENTS AND METHODS

Clinical Trial and Patient Information
All enrolled patients gave 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.

Preparation of Anti-CD19 CAR T Cells and Ex Vivo Assays
The CARused in this work was encoded by a gamma-retroviral vector

and contained an anti-CD19 single-chain variable fragment derived from
a murine monoclonal antibody, hinge and transmembrane regions from
human CD28, the CD28 costimulatory domain, and the CD3z T-cell
activation domain.35 Anti-CD19 CART cells were cultured for 6 to 10 days
by adding the anti-CD3 monoclonal antibody OKT3 directly to whole
(unsorted) peripheral blood mononuclear cells suspended in culture
medium containing IL-2 and transducing the cells as described in the Data
Supplement.20,36 CAR T-cell doses were administered as CD3+CAR+ cells
per kilogram of body weight (Table 1). The percentage of CAR+ T cells was
determined by flow cytometry and was used to calculate the number of
cells to infuse. Flow cytometry, immunohistochemistry, cytokine assays,
and quantitative polymerase chain reaction are described in the Data
Supplement.11,20,35

Anti-CD19 CAR Treatment Plan
A fludarabine and cyclophosphamide chemotherapy regimen37

was administered before CAR-19 T-cell infusions to enhance the ac-
tivity of adoptively transferred T cells.29-31 Both chemotherapy agents
were given intravenously once per day for 3 days on the same days (Fig
1A). Treatment responses were defined according to standard in-
ternational criteria.38

RESULTS

Patient Characteristics
Nineteen of the 22 treated patients had one of the various

types of DLBCL, two patients had follicular lymphoma, and one
patient had mantle cell lymphoma (Table 1). Eleven of 19
patients with DLBCL had chemotherapy-refractory lymphoma.
Five other patients with DLBCL had lymphoma that had re-
lapsed 10 months or less after ASCT as their last treatment
prior to protocol enrollment. Eleven patients with DLBCLwere
high risk by second-line, age-adjusted International Prog-
nostic Index.39 The median number of unique lymphoma
therapies received before protocol enrollment was four (range,
one to seven). Therapies received before protocol enrollment
and lymphoma chromosome rearrangements are provided in
the Data Supplement.

Chemotherapy Regimen Depleted Lymphocytes and
Modulated Multiple Serum Proteins

The chemotherapy depleted recipient lymphocytes (Fig 1B;
Data Supplement). We compared levels of 41 serum proteins
before and after the low-dose chemotherapy regimen (Data
Supplement). Serum IL-15 levels increased in all 22 patients after
the chemotherapy regimen (Figure 1C). Serum perforin decreased
after chemotherapy administration.

Infused CAR-19 T-Cell Characteristics
A median of 97.6% (range, 90.6% to 99.5%) of the infused

cells were CD3+; a median of 74.4% (range, 39.4% to 93.6%) of
the infused CD3+ cells expressed CAR-19. A median of 43.4% of
CD3+CAR+ cells expressed CD4 (range, 1.9% to 82.1%), and 54%
of CD3+CAR+ cells expressed CD8 (range, 13.4% to 92.1%). C-C
chemokine receptor-7 (CCR7) and CD45RA were used to divide
T cells into four different subsets (Fig 1D). Naı̈ve and central
memory T cells have greater proliferative capacity than effector
memory and effector memory-RAT cells.40 Infused CAR-19 T cells
included T cells with the phenotypes of all four of these T-cell
subsets, including a substantial fraction of cells with the pheno-
type of central memory T cells.40 The CAR T cells secreted a
variety of proteins in an antigen-specific manner (Fig 1E-H; Data
Supplement).

CAR-19 T Cells Induced Remissions of Lymphoma
For all 22 patients treated, there was a 73% remission rate

with 55% complete remissions (CRs) and 18% partial remissions
(PRs). Among patients with DLBCL, the overall remission rate
was 68% with 47% CRs and 21% PRs. The duration of responses
currently ranges from 7 months to 24 months (Fig 2A). Twelve
of 22 patients achieved CRs, 11 of 12 CRs are ongoing, and
the current median duration of all CRs is 12.5 months (Table 1).
No patient with an ongoing remission received any further anti-
lymphoma therapy after CAR T-cell infusion. In contrast to CRs,
no PRs or outcomes of stable disease (SD) are ongoing. Patient 40
underwent allogeneic hematopoietic stem-cell transplantation
after achieving a PR (Table 1). The 12-month progression-free
survival of all patients was 63.3% (Fig 2B), and overall survival is
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provided in the Data Supplement. Figure 2C-D shows two examples
of positron emission tomography/computed tomography scans
from patients who achieved CR of chemotherapy-refractory
DLBCL.

Toxicities of CAR-19 T Cells Preceded by Low-Dose
Chemotherapy

All toxicities greater than grade 1 are listed in Table 2. The most
prominent toxicities in this trial were neurologic; 55% of patients
had grade 3 or 4 neurologic toxicities. In contrast, only four (18%) of
22 patients had grade 3 or 4 hypotension; three patients required
brief courses of vasopressor drugs to treat it. One patient required
mechanical ventilation for severe dyspnea; another patient required
mechanical ventilation for airway control during severe neurologic

toxicity. Common grade 3 and 4 neurologic toxicities included
dysphasia, confusion, and tremor. All acute toxicities resolved
completely, and no patients died as a result of toxicity. Three patients
received specific immunosuppressive drugs: patient 32 received the
corticosteroid dexamethasone for severe neurologic toxicity, and
patients 36 and 40 received the IL-6 receptor antagonist tocilizumab.
Aside from those three patients, all other patients received only
supportive treatment without any immunosuppressive drugs, so
most patients on this trial had acute CAR T-cell toxicities that re-
solved spontaneously within a limited period of time.

Two patients had notable delayed adverse events. Patient 23
developed myelodysplastic syndrome (MDS) 20 months after CAR
T-cell infusion, but the CAR-19 gene was not detectable in the
patient’s bone marrow at the time of MDS diagnosis. MDS is

Table 1. Patient Characteristics

Patient No.a Age (years) Lymphoma Type Lymphoma Statusb

No. of Prior
Lines of
Treatment sAAIPIc

CAR+ T-Cell
Dose (per kg)

Best
Response

Duration of
Response
(months)d,e

22 66 DLBCL, NOS Relapse after ASCT 3 High 1 3 106 PR 7
23 63 Follicular Neither 6 NA 1 3 106 CR 19f

24 65 DLBCL,
transformed
from follicular

Relapse after ASCT 4 High 1 3 106 PR 14

25 47 DLBCL, NOS Chemotherapy-refractory 2 High 1 3 106 PR 1
26 26 DLBCL, NOS Chemotherapy-refractory 7 High 1 3 106 PD NA
27 62 DLBCL,

transformed
from follicular

Neither 7 Intermediate 1 3 106 CR 24+

28 54 DLBCL, NOS Chemotherapy-refractory 3 High 1 3 106 PD NA
29 28 DLBCL, NOS Chemotherapy-refractory 2 High 2 3 106 SD 2
30 29 PMBCLg Chemotherapy-refractory 3 Low 2 3 106 SD 3
31 65 DLBCL,

transformed
from follicular

Relapse after ASCT 5 Intermediate 2 3 106 CR 18+

32 40 PMBCL Chemotherapy-refractory 2 Intermediate 6 3 106 PD NA
33 67 DLBCL,

transformed
from CLL

Neither 3 High 2 3 106 CR 15+

34h 50 Mantle cell Neither 1 NA 2 3 106 CR 17+
35h 53 DLBCL, NOS Chemotherapy-refractory 4 Intermediate 2 3 106 CR 13+
36h 66 Follicular Relapse after ASCT 3 NA 2 3 106 CR 11+
37h 51 DLBCL, NOS Relapse after ASCT 3 Intermediate 2 3 106 CR 12+
38 51 DLBCL, NOS Chemotherapy-refractory 5 High 2 3 106 CR 13+
39 62 DLBCL, NOS Relapse after ASCT 6 Intermediate 2 3 106 CR 12+
40 39 DLBCL, NOS Chemotherapy-refractory 4 High 2 3 106 PR 3i

41 67 DLBCL, NOS Neither 4 Intermediate 2 3 106 CR 7+
42 64 DLBCL, NOS Chemotherapy-refractory 4 High 2 3 106 CR 11+
43 51 DLBCL, NOS Chemotherapy-refractory 5 High 2 3 106 PD NA

Abbreviations: ASCT, autologous stem-cell transplantation; CAR, chimeric antigen receptor; CLL, chronic lymphocytic leukemia; CR, complete remission; DLBCL,
diffuse large B-cell lymphoma; NA, not applicable; NOS, not otherwise specified; PD, progressive disease; PMBCL, primary mediastinal B-cell lymphoma; PR, partial
remission; sAAIPI, second-line age-adjusted International Prognostic Index; SD, stable disease.
aPatients 22 through 43 were sequentially enrolled on the protocol from August 2013 to September 2015.
bChemotherapy refractory was defined as failure to achieve PR or CR after the most recent chemotherapy. Relapse after ASCT is listed if the lymphoma had relapsed
after ASCT, and ASCT was the last chemotherapy-containing treatment that the patient received before enrollment on the CAR targeting CD19 (CAR-19) trial, so the
lymphomawas not proven to be chemotherapy-refractory at the time of protocol enrollment. “Neither”means that the lymphoma was not chemotherapy refractory and
that the patient did not have an ASCT as the last chemotherapy-containing treatment before CAR-19 protocol enrollment.
cThis incorporates lactate dehydrogenase, Karnofsky performance score, and lymphoma stage to separate patients with DLBCL receiving second-line therapy into low-,
intermediate-, and high-risk groups. NA means not applicable because these patients did not have DLBCL.
d(+) Indicates an ongoing response.
eDuration of response is the time elapsed from first documentation of response until progressive disease. Some patients with CR had an initial response of PR that
evolved into a CR over time as positron emission tomography and computed tomography scans normalized.fPatient 23 developed myelodysplastic syndrome and went
off-study to receive treatment for this disorder after a remission duration of 19 months. Also, after 19 months of remission, scattered CD10-expressing B cells were
detected on bone marrow immunohistochemistry, which was consistent with recurrence of follicular lymphoma.
gPMBCL is a type of DLBCL.
hThese patients received cyclophosphamide at 500 mg/m2; all other patients received 300 mg/m2.
iPatient 40 proceeded to allogeneic hematopoietic stem-cell transplantation while in PR.

jco.org © 2017 by American Society of Clinical Oncology 1805

Anti-CD19 CAR T Cells for Lymphoma

http://jco.org


IL-15

Before After
0

10

20

30

40

50

60

70

IL
-1

5 
(p

g/
m

L)

IL-7

Before After
0

10

20

30

40

50

IL
-7

 (p
g/

m
L)

MCP-1

Before After
102

103

104

105

M
CP

-1
 (p

g/
m

L)

Perforin

Before After
100

101

102

103

104

105

Pe
rfo

rin
 (p

g/
m

L)

C

Naive CM EM EMRA
0

10

20

30

40

50

%
 o

f C
AR

+ 
T 

ce
lls

D

NGFR–K562 CD19–K562
0.01

0.1

1

10

100

1,000

10,000

100,000

1,000,000

IF
N

-γ
 (p

g/
m

L)
E

F

NGFR-K562 CD19-K562
0.01

0.1

1

10

100

1,000

10,000

100,000

1,000,000

IL
-1

0 
(p

g/
m

L)

G

NGFR-K562 CD19-K562
0.01
0.1

1
10

100
1,000

10,000
100,000

1,000,000

TN
F-
α

 (p
g/

m
L)

NGFR-K562 CD19-K562
0.001

0.01

0.1

1

10

100

1,000

10,000

100,000

Gr
an

zy
m

e 
B 

(p
g/

m
L)

H

A

Days –5 to –3
cyclophosphamide
300 or 500 mg/m2

Days –5 to –3 fludarabine 30 mg/m2

Day 0
infusion of

CAR-19 transduced
T cells

B

0

500

1,000

1,500

2,000

Ly
m

ph
oc

yt
es

/μ
L

Before 
Chemotherapy

Day of Cell
Infusion

Fig 1. Low-dose chemotherapy depletes lymphocytes andmodulates serum proteins. (A) Schematic of the clinical protocol. Fludarabine and cyclophosphamide were
administered on days –5 to –3. Fludarabine dose was 30 mg/m2 per day for all patients. Cyclophosphamide dose was 300 mg/m2 for 18 patients and 500 mg/m2 for four
patients. A single dose of chimeric antigen receptor (CAR) targeting CD19 (CAR-19) T cells was administered on day 0. (B) The blood lymphocyte counts for each patient
are shown before and after chemotherapy. Each patient’s lymphocyte counts are connected by a line (P , .001 for the paired comparison of before and after
chemotherapy). The after time point was the day of CAR T-cell infusion. The median blood lymphocyte count just before the start of chemotherapy was 635/mL (range,
150 to 1,660/mL). The median blood lymphocyte count on the day of CAR T-cell infusion was 40/mL (range, 0 to 310/mL). The normal range for blood lymphocytes was
1,320 to 3,570/mL. (C) Interleukin-15 (IL-15), IL-7, and monocyte chemoattractant protein-1 (MCP-1) all increased after chemotherapy, and perforin decreased. The
protein levels before and after chemotherapy for each patient are connected by a line. Chemotherapy samples for the after time point were all drawn on the day of CAR
T-cell infusion. For all four proteins, P , .001 when paired before and after chemotherapy levels for each patient were compared. (D) CAR+ T cells from the time of
infusion were stained for C-C chemokine receptor-7 (CCR7) and CD45RA to identify T cells with phenotypes of these subsets: naı̈ve (CCR7+CD45RA+), central memory
(CM; CCR7+CD45RA–), effector memory (EM; CCR7–CD45RA–), and effector memory RA subsets (EMRA; CCR7–CD45RA+). Plots were gated on CD3+CAR+

lymphocytes. Means and standard error of the mean are shown. (E-H) Anti-CD19 CAR T cells secreted a variety of proteins in an antigen-specific manner. Graphs show
the levels of proteins in culture supernatants after CAR-19 T cells from the time of infusion were cultured overnight with either CD19–NGFR-K562 cells or CD19+CD19-
K562 cells. Results for each patient are connected by a line. CD19-specific production of interferon-g (IFN-g), granzyme B, IL-10, and tumor necrosis factor alpha (TNF-a)
occurred.
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common in lymphoma patients with histories of chemotherapy
and ASCT, so the extensive treatment received by patient 23 before
protocol enrollment likely contributed to his MDS.41 Patient 27
developed vision loss 3months after CART-cell infusion. Although
the etiology of this vision loss is not definitively known, the clinical

course and electroretinography were consistent with fludarabine
toxicity.42

Depletion of normal B cells is an expected toxicity of
anti-CD19 CAR T cells.8,12,19,20 Because of extensive prior
treatment, B-cell counts were already low in most patients at
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the time of protocol enrollment. The median blood B-cell
count at enrollment was 1/mL (range, 0 to 123/mL). Only
patient 23 had a normal pretreatment B-cell count. Six pa-
tients in CR have recovered normal blood B-cell counts, and
five remain in CR (Data Supplement). This demonstrates that
patients can remain in CR after recovery of normal B-cell
counts.

Higher Numbers of Blood CAR+ Cells Were Present in
Patients With Lymphoma Remission

The number of blood CAR+ cells peaked at a median of
8.5 days (range, 6 to 35 days) after infusion (Fig 3A-B). CAR+ cell
numbers dropped rapidly after peaking. Blood CAR+ cell numbers
decreased to 0 or 1/mL by 3 months after infusion in all patients.
Peak blood CAR+ cell numbers were higher in patients who

Table 2. All Grade 2, 3, and 4 Adverse Events in the First Month After Anti-CD19 CAR T-Cell Infusion

Patient No.

Adverse Events

Grade 2 Grade 3 Grade 4*

22 None Platelets, neutrophils, and hemoglobin
decreased, febrile neutropenia, hypotension

Leukocytes decreased

23† Fever Febrile neutropenia, encephalopathy,
neutrophils decreased

None

24 Dysphasia Hemoglobin decreased, febrile neutropenia Neutrophils and leukocytes
decreased

25 None Leukocytes and neutrophils decreased,
hyponatremia

None

26 Sensory neuropathy
(numbness)

Hyponatremia Neutrophils and leukocytes
decreased

27‡ Fever ALT and AST increased, leukocytes and
neutrophils decreased§

None

28 Fever Hemoglobin decreased, febrile neutropenia,
partial thromboplastin time increased

Neutrophils decreased

29 Ataxia, motor neuropathy
(gait disturbance), dysphasia,
tremor, fever

Neutrophils and hemoglobin decreased None

30 Fever Neutrophils decreased None
31 Dysphasia, fever, hypotension Syncope None
32 Fever, dyspnea, hypoxia Hemoglobin decreased Confusion
33 Fever, sinus tachycardia ALT, AST, and bilirubin increased, hemoglobin

and neutrophils decreased, confusion
Dysphasia

34 Sinus tachycardia, hypoxia,
sensory neuropathy
(numbness), pain (headache)

Fever, ataxia, agitation, motor neuropathy (gait
disturbance, arm weakness), dysphasia,
tremor

Confusion

35 Laryngeal nerve dysfunction,
atrial fibrillation

Hemoglobin and platelets decreased, fever,
confusion, dysphagia

Hypotension, neutrophils decreased,
dysphasia

36 Hypotension Febrile neutropenia, confusion, somnolence,
dysphasia, hemoglobin decreased, cardiac
left ventricular systolic dysfunction, urinary
tract infection

Platelets and neutrophils decreased,
dysphasia, dyspnea, hypoxia

37 Motor neuropathy (gait
disturbance)

Febrile neutropenia, somnolence, confusion,
psychosis (hallucinations/delusions)

Neutrophils and hemoglobin
decreased, dysphasia,

38 Tremor Hemoglobin decreased, fever, confusion,
febrile neutropenia, somnolence

Neutrophils decreased, dysphasia

39 Dysphasia Hemoglobin decreased, febrile neutropenia Neutrophils decreased
40 None Fever, hemoglobin and neutrophils decreased,

somnolence, seizure, psychosis
(hallucinations/delusions)

Hypotension, dysphasia,
supraventricular tachycardia

41 Tremor Febrile neutropenia, neutrophils and
hemoglobin decreased, somnolence,
confusion, urinary incontinence, generalized
muscle weakness, motor neuropathy (gait
disturbance), dysphasia, dysphagia, urinary
tract infection

Cognitive disturbance

42 None Hemoglobin decreased, cognitive disturbance,
febrile neutropenia, agitation, dysphasia,
catheter-related infection, somnolence

Hypotension, platelets, and
neutrophils decreased

43 Dysphasia, psychosis
(hallucinations/delusions)

Hemoglobin and neutrophils decreased, febrile
neutropenia,

None

Abbreviation: CAR, chimeric antigen receptor.
*All grade 2, 3, and 4 adverse eventswithin the first month after CAR T-cell infusion are listed regardless of timing with the exception of grade 4 lymphocytes decreased.
All patients had grade 4 lymphocytes decreased as expected with cyclophosphamide and fludarabine, so it is not repetitively listed for each patient. The highest grade of
each individual toxicity is listed; for example, if a toxicity occurred at both grade 2 and grade 3, only grade 3 is listed.
†Patient 23 developedmyelodysplastic syndrome (MDS) 20months after CAR T-cell infusion. The CAR genewas not detectable in the bonemarrow of patient 23 at the
time of diagnosis of MDS.
‡Three months after CAR that targets the B-cell antigen CD19 (CAR-19) T-cell infusion, patient 27 developed vision loss that was consistent with prior reports of
fludarabine toxicity.
§All patients had fevers of some grade.
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achieved lymphoma responses of CR or PR compared with those
who achieved SD or progressive disease (Fig 3A-C). There was no
statistically significant difference in the peak number of blood
CAR+ T cells in patients who received infusions of CAR-19 T cells
at 1 3 106/kg versus 2 3 106/kg. CAR+ T cells collected from the
blood of patients after infusion primarily had phenotypes of effector
memory or effector memory-RA T cells (Fig 3D); in comparison,
CAR-19 T cells at the time of infusion included more T cells with
phenotypes of naı̈ve and central memory T cells (Fig 1D). There
was an association between the percentage of central memory
T cells among the infused CAR T cells and peak blood CAR T-cell
levels (P , .001; Spearman r = 0.7; Data Supplement).

Peak Blood CAR+ Cell Numbers and Lymphoma
Remission Were Associated With High Serum IL-15
Levels

The low-dose chemotherapy conditioning regimen admin-
istered before CAR-19 T-cell infusions caused an increase in
serum IL-15 (Fig 1C). Because IL-15 is known to induce T-cell
proliferation,32-34 we reasoned that IL-15 might be associated
with peak blood levels of CAR-19 T cells after infusion. We
measured serum IL-15 levels at several time points before and
after CAR-19 T-cell infusion, and the median day of peak IL-15
levels was day 2 after CAR T-cell infusion. We found a correlation
between peak serum IL-15 levels and peak blood CAR+ cell
numbers (Fig 3E).

We assessed serum levels of 41 different proteins in patients
who achieved a remission (CR or PR) and patients who did not
achieve a remission (SD or progressive disease; Data Supplement).
IL-15 was the cytokine associated most closely with remissions.
Patients who achieved a remission of lymphoma had higher IL-15
area-under-the-curve levels from day –5 to day 14 and higher peak
serum IL-15 levels than patients who did not achieve a remission
(Fig 3F-I). On the day of CAR T-cell infusion, the median serum
IL-15 level of patients who achieved a remission was higher than
that of patients who did not achieve a remission (30 v 16 pg/mL;
P = .010; Data Supplement). This suggests that the environment
that CAR T cells enter upon infusion is a determinant of treatment
outcomes.

IL-10 is a cytokine that is known to have immunosuppressive
properties43; however, IL-10 can also promote T-cell antitumor
activity.44,45 Peak serum IL-10 levels were significantly higher
among patients who achieved a remission of lymphoma compared
with those who did not achieve a remission (Fig 3J-L). Aside from
IL-15, IL-10 was the cytokine with the clearest difference in peak
serum levels when comparing patients who did or did not achieve
a remission.

Grade 3 and 4 Neurologic Toxicities Were Associated
With High Blood CAR+ Cell Levels, and CAR-19 T Cells
Were Detected in Cerebrospinal Fluid

Patients who experienced grade 3 or 4 neurologic toxicity
had higher levels of blood CAR+ cells compared with patients
who had only , grade 3 neurologic toxicities (Fig 4A). We
performed lumbar punctures to collect cerebrospinal fluid (CSF)
from 11 patients with neurologic toxicity. The median number of
white blood cells in the CSF of these patients was 22/mL (range, 1

to 215/mL). Flow cytometry was performed on the CSF of nine of
the 11 patients who underwent CSF collection, and CAR-19
T cells were detected in the CSF of all nine patients (Fig 4B;
Data Supplement).

Serum Proteins Are Associated With Neurologic
Toxicities

We assessed serum levels of 41 proteins in patients with grade
3 or 4 neurologic toxicities and patients with only , grade 3
neurologic toxicities (Data Supplement). Peak serum granzyme B
levels were higher in patients with grade 3 or 4 neurologic
toxicities compared those who had only , grade 3 neurologic
toxicities (Fig 4C-E). In addition, peak levels of serum IL-10 and
IL-15 were higher in patients with grade 3 or 4 neurologic
toxicities compared with those who had only , grade 3 neu-
rologic toxicities (Fig 4F-G).

DISCUSSION

An infusion of CAR-19 T cells preceded by a low-dose condi-
tioning chemotherapy regimen of cyclophosphamide and flu-
darabine induced remissions of advanced-stage lymphoma. The
low-dose chemotherapy regimen used in this study could not
directly induce the remissions of lymphoma reported here be-
cause of the documented resistance of these lymphomas to
antilymphoma chemotherapy regimens (Data Supplement). Im-
portantly, our CART-cell production process was simple and robust.
No patient failed to receive treatment because of cell production
issues.

We recently treated patients who had had an allogeneic
hematopoietic stem-cell transplantation with human leukocyte
antigen–matched allogeneic T cells expressing the same CAR-19
used with autologous T cells in this study.36,46 We did not ad-
minister chemotherapy before infusions of the allogeneic CAR-
19 T cells. We administered allogeneic CAR+ T cells at up to
8.23 106/kg with acceptable levels of toxicity.46 In stark contrast
to this report of patients treated with autologous CAR-19 T cells
at 1 to 2 3 106/kg, neurologic toxicity in the trial of allogeneic
anti-CD19 CAR T cells without chemotherapy was rare and
mild.36,46 These results suggest that lowering or eliminating the
conditioning chemotherapy administered before CAR T-cell
infusions might lessen the severity of toxicity; however, lowering
chemotherapy intensity might also lead to lower remission
rates.46

We compared hematologic toxicities in patients who re-
ceived CAR-19 T cells after our current low-dose chemotherapy
regimen and patients who received our previously reported high-
dose chemotherapy regimen, which included a total dose of
cyclophosphamide of 60 to 120 mg/kg and a total dose of flu-
darabine of 125 mg/m2.21 Two of 22 patients treated with the new
low-dose chemotherapy required platelet transfusions; 10 of 15
patients receiving high-dose chemotherapy required platelet
transfusions (P , .001). The median length of time that patients
had severe neutropenia with an absolute neutrophil count of less
than 500/mL was 0 days (range, 0 to 6 days) with the low-dose
chemotherapy versus 5 days (range, 0 to 16 days) with the
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previously used high-dose chemotherapy (P, .001). In this study,
we increased the daily cyclophosphamide dose from 300 mg/m2 to
500 mg/m2 in four patients in an attempt to increase the CR rate.
Because all four of these patients experienced substantial toxicity
(Table 2), we reduced the cyclophosphamide dose back to 300 mg/
m2; however, because we had a small number of patients treated
with the 500 mg/m2 dose of cyclophosphamide, we cannot draw
firm conclusions.

Our data indicate that IL-15 is associated with the efficacy
of CAR-19 T cells. In agreement with prior work,47 IL-15 was
one of the serum proteins most prominently increased after the
low-dose chemotherapy regimen. Serum IL-15 levels were strongly

associated with peak levels of CAR+ cells, and blood IL-15 levels were
higher in patients who achieved a remission of lymphoma than in
patients who did not achieve a remission. IL-15 causes T-cell (in-
cluding CAR T-cell) proliferation and activation,32-34,48-50 so the
mechanism of IL-15 improving lymphoma treatment outcomes by
increasing activated CAR-19 T-cell levels is quite plausible. Other
investigators have performed preclinical experiments that dem-
onstrated the ability of IL-15 to enhance adoptive T-cell therapies
in mice.9,48,50-53 To the best of our knowledge, our work is the first
to show an association in humans between serum IL-15 levels and
remission of lymphoma after adoptive T-cell therapy. Clinical trials
that evaluate the ability of IL-15 agonists to enhance CAR T-cell
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Fig 4. Neurologic toxicity was associated with high peak blood levels of chimeric antigen receptor–positive (CAR+) cells and increased levels of certain serum proteins.
(A) The number of blood CAR+ cells in patients with grade 3 or 4 neurologic toxicities was higher than that in patients with only, grade 3 neurologic toxicities (P = .003). (B)
Flow cytometry revealed CAR targeting CD19 (CAR-19) T cells in the cerebrospinal fluid (CSF) in all assessed patients with neurologic toxicity. The flow cytometry result of
CSF from patient 31 from 9 days after CAR-19 T-cell infusion is shown as a representative example. The plot is gated on CSFmononuclear cells. Granzyme B serum levels
of (C) patients with grade 3 or 4 neurologic toxicities and (D) those with only, grade 3 neurologic toxicities are shown. Patients with grade 3 or 4 neurologic toxicities had
higher peak serum levels of (E) granzyme B (P = .002), (F) interleukin-10 (IL-10; P = .006), and (G) IL-15 (P = 0.014) than patients with only, grade 3 neurologic toxicities. A
total of 41 serum proteinswere assessed (panels E, F, and G), and the results of the three proteinswith themost impressive differences are shown. Results for all 41 serum
proteins are provided in the Data Supplement. Statistical correction for multiple comparisons was not performed.
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antimalignancy activity should be considered to formally assess the role
of IL-15 in T-cell therapy.32,33 It must be kept inmind that IL-15might
worsen toxicity in clinical trials combining CAR T cells and IL-15.

We undertook experiments to better understand the im-
portant problem of neurologic toxicity with CAR-19 T-cell
therapies.12,14-16,21 Neurologic toxicity was closely associated with
high peak blood CAR+ cell levels, and by using flow cytometry, we
found CAR T cells in the CSF of every patient with neurologic
toxicity. Interestingly, peak serum granzyme B levels were closely
associated with neurologic toxicity (Fig 4C-E). High granzyme B
levels were associated with grade 3 or 4 neurologic toxicity but not
with a remission of lymphoma (Data Supplement). Granzyme B
has been previously linked to neuronal toxicity.54 Notably, high
serum IL-10 and IL-15 levels were associated with both remission
of lymphoma and neurologic toxicity. Other investigators have
previously shown an association of interferon-g and IL-6 with
neurologic toxicity.16 We also found that serum levels of in-
terferon-g were higher in patients with grade 3 or 4 neurologic
toxicities than in those with only , grade 3 neurologic toxicities
(P = .04; Data Supplement), but this difference was not as con-
sistent as the differences for granzyme B, IL-10, and IL-15. We
observed a trend that was not statistically significant for higher
peak serum IL-6 levels in patients with grade 3 or 4 neurologic
toxicity (Data Supplement). Development of new approaches to
prevent or treat neurologic toxicity caused by CAR T cells is an
important need.

Patients with DLBCL that is refractory to chemotherapy or
relapsed less than 12 months after ASCT generally survive less
than 9 months.23,25-27 Our results from treating advanced-stage

lymphoma with CAR-19 T cells compare favorably to established
treatment regimens.17,18,23-25 Induction of CRs in patients with
large masses of chemotherapy-refractory lymphoma is especially
notable (Fig 2). Our results should encourage further research
aimed at developing CAR T-cell therapies with less toxicity and
higher remission rates.
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