
 

 

  
     

  
 

  

 
 

 

 
     

 
 

 

  
      

 

 

RE: National Coverage Analysis (NCA) Tracking Sheet for Chimeric Antigen Receptor 
(CAR) T-cell Therapy for Cancers (CAG-00451N) 

Appendix A 

Locke FL, Neelapu SS, Bartlett NL, et al. Phase 1 Results of ZUMA-1: A Multicenter Study of KTE-
C19 Anti-CD19 CAR T Cell Therapy in Refractory Aggressive Lymphoma. Locke FL, Neelapu SS, 
Bartlett NL, et al. Phase 1 Results of ZUMA-1: A Multicenter Study of KTE-C19 Anti-CD19 CAR T 
Cell Therapy in Refractory Aggressive Lymphoma. Molecular Therapy. 2017;25(1):285-295 

• ZUMA-1 was the first multicenter study of anti-CD19 CAR T cell therapy in patients with 
non-Hodgkin’s lymphoma (NHL). 

• The results of this phase 1 portion of ZUMA-1, the first multicenter study of anti-CD19 
CAR T cell therapy in aggressive NHL, demonstrated that the KTE-C19 regimen was 
tolerable and safe for further study. 

Kochenderfer JN, Somerville RPT, Lu T, et al. Lymphoma Remissions Caused by Anti-CD19 
Chimeric Antigen Receptor T Cells Are Associated With High Serum Interleukin-15 Levels. 
Journal of Clinical Oncology. 2017;35(16):1803-1813. doi:10.1200/JCO.2016.71.3024. 

• In a study at the National Cancer Institute (NCI), 22 patients were treated with CD19 CAR 
T-cells. 19 of these patients had one of the various types of diffuse large B-cell lymphoma 
(DLBCL) and two patients had follicular lymphoma. For all 22 patients treated, there was a 
73% remission rate with 55% complete remissions and 18% partial remissions. 

Maude SL, Laetsch TW, Buechner J, et al. Tisagenlecleucel in Children and Young Adults with 
B-Cell Lymphoblastic Leukemia. The New England Journal of Medicine. 2018;378(5);439-448. 

• In this global study of CAR T-cell therapy, a single infusion of tisagenlecleucel provided 
durable remission with long-term persistence in pediatric and young adult patients with 
relapsed or refractory B-cell ALL, with transient high-grade toxic effects. 

Neelapu SS, Locke FL, Bartlett NL, et al.  Axicabtagene Ciloleucel CAR T-Cell Therapy in 
Refractory Large B-Cell Lymphoma. New England Journal of Medicine. 2017; 377:2531-2544. 

• A phase 1 multicenter study (ZUMA-1) involving 7 patients with refractory large B-cell 
lymphoma showed that axi-cel could be centrally manufactured and safely administered. 

• In a large, international, retrospective research study involving patients with non-Hodgkin’s 
lymphoma (SCHOLAR-1), investigators found an objective response rate of 26%, a 
complete response rate of 7%, and a median overall survival of 6.3 months with existing 



 

   
 

  
 

   
  

 
  

 

 

 

 

 

 

 

 

 

therapies among patients who had aggressive B-cell lymphoma that was resistant to 
chemotherapy or who had a relapse within 12 months after autologous stem-cell 
transplantation. 

• Phase 2 of ZUMA-1, 82% of the 101 patients with refractory large B-cell lymphoma who 
were treated had an objective response, and 54% had a complete response 

o This compared favorably with the results of the SCHOLAR-1 study of existing 
therapies for this disease, which showed an objective response rate of 26% and a 
complete response rate of 7% 
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Outcomes for patients with refractory diffuse large B cell lym-
phoma (DLBCL) are poor. In the multicenter ZUMA-1 phase 
1 study, we evaluated KTE-C19, an autologous CD3z/CD28-
based chimeric antigen receptor (CAR) T cell therapy, in 
patients with refractory DLBCL. Patients received low-dose con-
ditioning chemotherapy with concurrent cyclophosphamide 
(500 mg/m2) and fludarabine (30 mg/m2) for 3 days followed 
by KTE-C19 at a target dose of 2 � 106 CAR T cells/kg. The inci-
dence of dose-limiting toxicity (DLT) was the primary endpoint. 
Seven patients were treated with KTE-C19 and one patient expe-
rienced a DLT of grade 4 cytokine release syndrome (CRS) and 
neurotoxicity. Grade R3 CRS and neurotoxicity were observed 
in 14% (n = 1/7) and 57% (n = 4/7) of patients, respectively. All 
other KTE-C19-related grade R3 events resolved within 
1 month. The overall response rate was 71% (n = 5/7) and com-
plete response (CR) rate was 57% (n = 4/7). Three patients have 
ongoing CR (all at 12+ months). CAR T cells demonstrated peak 
expansion within 2 weeks and continued to be detectable at 12+ 
months in patients with ongoing CR. This regimen of KTE-C19 
was safe for further study in phase 2 and induced durable remis-
sions in patients with refractory DLBCL. 

INTRODUCTION 
Diffuse large B cell lymphoma (DLBCL) is the most common subtype 
of non-Hodgkin lymphoma (NHL) in the United States, accounting 
for approximately 30%–40% of all cases of NHL.1–3 Studies exam-
ining outcomes in patients with relapsed/refractory DLBCL show 
that the response rates to subsequent therapy varies from 14% to 
63%.4–8 However, relapsed/refractory DLBCL is broadly defined 
and consists of a heterogeneous patient population. Outcomes are 
particularly poor in those patients with truly refractory DLBCL, 
defined as no response to last line of chemotherapy or relapse within 
1 year of autologous stem cell transplant (ASCT).6–9 A large patient-
level meta-analysis of patients with refractory DLBCL (Retrospective 
Non-Hodgkin Lymphoma Research, SCHOLAR-1) found that out-

comes in this homogeneous population are significantly worse, with 
a complete response (CR) rate of 8%, a partial response (PR) rate of 
18%, and median overall survival (OS) of 6.6 months,10 indicating a 
major unmet need for effective therapies for these patients. 

Adoptive cell therapy with T cells genetically engineered to express 
chimeric antigen receptor (CAR) targeting CD19 is a promising 
approach for treatment of B cell malignancies. A recent single-insti-
tution study conducted at the National Cancer Institute (NCI) 
demonstrated high response rates with an overall response rate of 
73% and a CR rate of 55% with anti-CD19 CAR T cells containing 
CD3z/CD28 signaling domains administered in conjunction with 
low-dose cyclophosphamide conditioning regimen in patients with 
relapsed/refractory B cell lymphomas.11 KTE-C19 is an autologous 
CD3z/CD28-based anti-CD19 CAR T cell product that uses the 
same CAR construct as in the NCI study but is manufactured in a 
centralized, closed, and streamlined process of approximately 
8 days. ZUMA-1 is the first multicenter study evaluating the safety 
and efficacy of anti-CD19 CAR T cells in patients with refractory 
NHL (NCT02348216). We report here the safety, efficacy, and correl-
ative studies of apheresis product, KTE-C19, and in vivo effects from 
the phase 1 portion of ZUMA-1. 

RESULTS 
Demographics and Baseline Characteristics 

As of August 24, 2016, the median follow-up time was 9 months. Nine 
patients were enrolled in the study. Two patients experienced adverse 
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Table 1. Baseline Characteristics 

Patient 

Characteristic 1 

Age (years) 59 

Sex male 

ECOG PS 0 

(1) R-CHOP 

(2) R-ICE 

Prior therapies (3) R-BEAM-ASCT 

Prior lines of 
3

therapy 

relapsed post-
Relapsed/refractory 

ASCT within 
status 

12 months 

Primary diagnosis/ 
DLBCL/non-GCB 

sub-type 

Disease stage IV 

2 

68 

male 

1 

(1) R-CHOP 

(2) R-ICE 

2 

refractory second 
or higher line of 
therapy 

DLBCL/GCB 

II 

3 

69 

male 

0 

(1) R-CHOP 

(2) R-CEOP 

(3) R-ICE 

(4) R-GEMOX + 
lenalidomide 

4 

refractory second 
or higher line of 
therapy 

DLBCL/non-GCB 

III 

4 

67 

male 

1 

(1) R-CHOP 

(2) R-ESHAP 

(3) R-BEAM-
ASCT 

(4) R-GEMOX 

4 

relapsed post-
ASCT within 
12 months 

DLBCL/GCB 

I 

5 

34 

female 

0 

(1) R-CHOP 

(2) R-ICE 

(3) R-AZA/ SAHA/ 
GEMBUM-ASCT 

3 

relapsed post-
ASCT within 
12 months 

DLBCL/non-GCB 

IV 

6 7 

40 29 

male female 

0 1 

(1) R-EPOCH (1) R-CHOP 

(2) R-BEAM-ASCT (2) R-GDP 

(3) Ipilimumab+ 
Lenalidomide 

(3) ICE 

3 3 

relapsed post- refractory second 
ASCT within or higher line of 
12 months therapy 

DLBCL/GCB DLBCL/non-GCB 

I III 

ASCT, autologous stem cell transplant; AZA, azacitidine; BEAM, carmustine, etoposide, cytarabine, melphalan; CEOP, cyclophosphamide, etoposide, vincristine, prednisone; CHOP, 
cyclophosphamide, adriamycin, vincristine, prednisone; DLBCL, diffuse large B cell lymphoma; ECOG PS, Eastern Cooperative Oncology Group performance status; EPOCH, etopo-
side, prednisone, vincristine, cyclophosphamide, doxorubicin; ESHAP, etoposide, methylprednisolone, high-dose cytarabine, cisplatin; GCB, germinal center B cell; GDP, gemcitabine, 
dexamethasone, cisplatin; GEMBUM, gemcitabine, busulfan, melphalan; GEMOX, gemcitabine, oxaliplatin; ICE, ifosfamide, carboplatin, etoposide; R, rituximab; SAHA, vorinostat. 

events (AEs) due to disease progression, discontinued the study, and 
never received KTE-C19 (one prior to leukapheresis and one prior to 
conditioning chemotherapy). KTE-C19 manufacturing was success-
ful for all eight leukapheresed patients (Figure S1). Seven patients 
received conditioning chemotherapy and KTE-C19. One additional 
patient was added to have the pre-specified dose-limiting toxicity 
(DLT) set of six patients treated at a target of 2 � 106 CAR+ 

T cells/kg (see Materials and Methods). Patients ranged from 29 to 
69 years of age and had received two to four prior lines of therapy. 
Three were refractory to second-line or later lines of therapy, and 
four patients had relapsed post-ASCT within 1 year (Table 1). Two 
of the four that relapsed post-ASCT received another regimen before 
enrollment: patient 4 had stable disease after three cycles of 
R-GEMOX and patient 6 had progressive disease after two cycles of 
ipilimumab and lenalidomide therapy, meeting the definition 
of refractoriness as defined in the protocol. Median absolute lympho-
cyte count at time of enrollment was 900 lymphocytes/mL (range, 
100–1,400 lymphocytes/mL). Four patients were non-germinal center 
B cell (GCB) subtype, and three were GCB as per the Hans 
algorithm.12 

Safety 

All AEs occurring within 30 days of KTE-C19 infusion were graded 
and reported for the seven (100%) treated patients, with maximum 
grade 3, 4, and 5 events reported in three (43%), three (43%), and 
one (14%) patient(s), respectively (Table 2). All patients experienced 
KTE-C19-related AEs of any grade, with grade 3 and 4 events re-
ported in four (57%) and one (14%) patient(s), respectively. No 

patient had a grade 5 KTE-C19-related event. B cell aplasia and hypo-
gammaglobulinemia was observed in patients 4, 5, and 6 (data not 
shown). 

One patient (14%) experienced a DLT. Patient 7 was a 29-year-old fe-
male with DLBCL with an Eastern Cooperative Oncology Group 
(ECOG) performance status of 1 and refractory to three lines of com-
bination immuno-chemotherapy (Table 1). She experienced grade 3 
hypotension, grade 3 metabolic acidosis, and grade 4 encephalopathy 
on day 0 and required intubation on day 1; grade 3 acute systolic heart 
failure on day 2; and grade 4 cytokine release syndrome (CRS) 
comprising grade 4 acute kidney injury on day 6. The grade 4 KTE-
C19-related events in patient 7 initially improved with tocilizumab, 
corticosteroids, and supportive care including dialysis. However, 
the patient’s condition subsequently worsened with grade 4 pseudo-
monal sepsis, grade 4 thrombocytopenia, grade 4 neutropenia, and 
subsequent grade 5 intracranial hemorrhage. Death was deemed un-
related to KTE-C19 per the investigator, and on the day of death, the 
patient was on ongoing heparin for deep vein thrombosis (DVT) 
prophylaxis in the setting of grade 4 thrombocytopenia and pseudo-
monas sepsis. Retrospective biomarker analysis revealed that immedi-
ately prior to initiation of fludarabine and cyclophosphamide, the 
patient had a C-reactive protein (CRP) of 655 mg/L (normal range, 
0–10 mg/L), which was approximately 100-fold higher than the base-
line values of the other patients (median, 7 mg/L; range 4–34 mg/L), 
indicating an elevated baseline inflammatory state. With the excep-
tion of the patient experiencing a DLT, all grade R3 KTE-C19-related 
toxicities resolved within 1 month. 
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Table 2. Grade 3 or Higher Treatment-Emergent Adverse Events Table 3. Cytokine Release Syndrome and Neurotoxicity 

Worst Worst Worst Worst 
Grade 3, Grade 4, Grade 5, Event Any, n (%) Grade 3, n (%) 

Event Any, n (%) n (%) n (%) n (%) 
CRS, anya 6 (86) 0 

Any grade 3 or higher AE 
within 30 days of KTE-C19 7 (100) 3 (43) 3 (43) 1 (14) 

CRS, Specific Symptomsb 

infusion Pyrexia 5 (71) 1 (14) 

Febrile neutropenia 4 (57) 3 (43) 1 (14) 0 Hypotension 3 (43) 1 (14)c 

Encephalopathy 3 (43) 

Neutropenia 3 (43) 

Anemia 2 (29) 

Hypoxia 2 (29) 

Somnolence 2 (29) 

Thrombocytopenia 2 (29) 

Acute kidney injury 1 (14) 

Agitation 1 (14) 

Ascites 1 (14) 

Aspartate aminotransferase 
increased 

1 (14) 

Cardiac failure 1 (14) 

Delirium 1 (14) 

Fatigue 1 (14) 

Hemorrhage intracranial 1 (14) 

Hypocalcemia 1 (14) 

Hyponatremia 1 (14) 

Hypophosphatemia 1 (14) 

Hypotension 1 (14) 

Metabolic acidosis 1 (14) 

Oral herpes 1 (14) 

Pseudomonal sepsis 1 (14) 

Pyrexia 1 (14) 

Restlessness 1 (14) 

Tremor 1 (14) 

Urinary tract infection 1 (14) 

2 (29) 

0 

2 (29) 

2 (29) 

2 (29) 

0 

0 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

0 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

0 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

3 (43) 

0 

0 

0 

2 (29) 

1 (14) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 (14) 

0 

0 

0 

0 

0 Tachycardia 

0 Acute kidney injury 

0 Cardiac failure 

0 Headache 

0 Hypoxia 

0 Metabolic acidosis 

0 Neurotoxicity, any 

2 (29) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

6 (86) 

0 Neurotoxicity, Specific Symptoms 

0 Encephalopathy 

0 Tremor 

Somnolence 
0 

Agitation 
0 

Aphasia 
0 

Delirium 
1 (14) 

Dizziness 
0 

Dyskinesia 
0 

Hallucination 
0 

Restlessness 
0 

5 (71) 

4 (57) 

2 (29) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

1 (14) 

Worst 
Grade 4, n (%) 

1 (14) 

0 

0 

0 0 

0 1 (14)c 

1 (14)c 0 

0 0 

1 (14) 0 

1 (14)c 0 

3 (43) 1 (14) 

2 (29) 1 (14)c 

1 (14) 0 

1 (14) 0 

1 (14) 0 

0 0 

1 (14) 0 

0 0 

0 0 

0 0 

1 (14) 0 

Cytokine release syndrome was reported in six (86%) patients treated 
tients have died. With the exception of the patient who experienced 

with KTE-C19. Five (71%) patients experienced grade %2 CRS and 
the DLT, all deaths were due to progressive disease. Based on the 

one (14%) patient experienced grade 4 CRS (occurring in the patient 
safety profile of the six evaluable DLT patients in phase 1, this 

with a DLT; Table 3). The most common CRS-related symptoms were 
regimen was deemed safe for study in phase 2. 

pyrexia (71%), hypotension (43%), and tachycardia (29%). All grade 3 
and 4 CRS-related events, except for one grade 3 pyrexia and one 
grade 3 hypoxia, occurred in the same patient experiencing the Efficacy 

DLT. Six of seven (86%) patients (patients 1, 2, 3, 4, 5, and 7) received Five of seven (71%) patients achieved an objective response within 
tocilizumab and four of seven (57%; patients 1, 3, 4, and 7) received 1 month of KTE-C19 infusion, with four of seven (57%) achieving 
corticosteroids for management of CRS and/or neurotoxicity symp- a CR. Three patients are in ongoing CR at 12 months post-KTE-
toms as described by Lee et al.;13 four patients (patients 1, 3, 4, C19 infusion. All three patients with ongoing CR had previously 
and 7) received both tocilizumab and corticosteroids. All evaluable relapsed within 5.8 months of ASCT (Table S1; Figure 1A). Of the 
patients experienced at least one neurotoxicity event of any grade three patients with ongoing CR at 12 months, one received tocilizu-
(Table 3), with three (43%) having maximum grade 3, and one mab, corticosteroids, and supportive care for the management of 
(14%) having a maximum grade 4 event (occurring in the patient both CRS and neurotoxicity, one received only tocilizumab and 

aCRS was graded per a modified grading system proposed by Lee et al.13 

0 bIndividual symptoms of CRS are graded per CTCAE, version 4.03. 

0 
cEvents occurred in patient 7. 

0 

0 
with the DLT). The median time to development of CRS and neuro-

0 
toxicity were 1 day (range: 0–3 days; n = 6) and 4 days (1–4 days; 

0 
n = 6), respectively, with a median duration of 7 days (range: 

0 3–17 days; n = 6) and 8 days (range: 2–20 days; n = 6), respectively. 
Except for the patient who experienced a DLT, CRS and neurotoxicity 
were found to be self-limiting and reversible. Four of the seven pa-
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Months Post KTE-C19 Infusion 

Pa
tie

nt
 

B 

KTE-C19 Retreatment 
Response Ongoing 
Disease Progression 
Death (Time to Death
from 1st dose) 
Complete Response 
Partial Response 
Stable Disease 
Not Evaluated 

Baseline 

Patient 5 

CR at 30 Days
After KTE-C19 

Figure 1. Clinical Efficacy after KTE-C19 Infusion 

(A) Duration of response and survival post-infusion with KTE-C19. (B) CR at 30 days post KTE-C19 infusion in patient 5. Representative PET-CT scans at baseline 

and 30 days post KTE-C19 infusion in a patient with DLBCL relapsing after prior therapy with R-CHOP, R-ICE, and ASCT with Rituximab-gemcitabine-busulfan-

melphalan+azacitidine-vorinostat. 

supportive care for the treatment of both CRS and neurotoxicity 
during the first week post-treatment, and one received supportive 
care only. Figure 1B shows a representative positron emission tomog-
raphy-computed tomography (PET-CT) with induction of CR 
30 days after KTE-C19 infusion in patient 5. The response is ongoing 
at 12+ months. Patient 5 was previously treated with R-CHOP and 
R-ICE followed by ASCT conditioned with rituximab-gemcitabine-
busulfan-melphalan+azacitidine-vorinostat and relapsed with 
DLBCL in the terminal ileum, ileocolic, and retroperitoneal lymph 
nodes 3.2 months after ASCT (Table 1). 

Patient 2 achieved CR at 1 month after KTE-C19; however, progres-
sive disease was noted at 3-month restaging and was subsequently 
proven as CD19+ relapse by biopsy. Per protocol, patient 2 was re-
treated with exactly the same low-dose conditioning chemotherapy 
followed by the same target dose of KTE-C19. After the second infu-
sion, KTE-C19 expansion was detected and the patient achieved a PR 
at 1 month. This patient progressed 3 months after the second infu-
sion of KTE-C19 and died at 9 months following the initial KTE-C19 
infusion due to rapidly progressive bulky lymphoma (Figure 1A). 
After the second KTE-C19 treatment, the patient developed myelo-
dysplastic syndrome (MDS) with a complex karyotype and nonsy-
nonymous DNMT3A and TP53 (double) mutations. Retrospective 
analysis demonstrated that these mutations were present in periph-
eral blood prior to study enrollment, indicating a pre-existing smol-
dering MDS. 

Immunophenotyping and Biomarker Analysis 

Detailed phenotypic characterization of the patients’ apheresis ma-
terial, KTE-C19, and subsequent biomarker samples were conducted 
as outlined in Materials and Methods. The initial apheresis material 
(Table S2) and subsequent KTE-C19 product had similar intrapa-
tient CD4/CD8 ratios (data not shown). Unfractionated CD4 and 
CD8 T cells were effectively transduced and showed ex vivo reac-
tivity against CD19+ target cells (Table 4). T cells within the apher-

esis product typically showed more differentiated phenotypes with 
higher proportions of cells with effector memory (Tem [CCR7� , 
CD45RA�]) and effector (Teff [CCR7� , CD45RA+]) phenotypic 
profiles (Figure 2). The post-manufacture KTE-C19 CAR T cell 
product showed a less differentiated phenotype (Figure 2) based 
on CCR7 and CD45RA expression, with lower proportions of cells 
with Tem and Teff phenotypes compared to apheresis T cells and 
higher proportions of T cells with central memory (Tcm [CCR7+, 
CD45RA�]) and naive (TN [CCR7+, CD45RA+]) phenotypes 
(Figure S2). 

Peak expansion of CAR T cells occurred within the first 7–14 days 
post-infusion (Figure 3A) and were detectable at low levels by 
qPCR analysis for up to 12 months in the peripheral blood of all three 
patients with ongoing CRs. Expansion of KTE-C19 was mirrored by 
sequential induction, elevation, and general clearance of a range of 
homeostatic (IL-15), inflammatory and immune modulating cyto-
kines, chemokines (such as IP-10), and T cell effector proteins (Fig-
ures 3B, 3C, and S3). Some of these cytokines and markers, notably 
IL-15 (median fold change from baseline, 9.9; range, 7.6–17.8), 
were initially elevated by the cyclophosphamide and fludarabine con-
ditioning chemotherapy, paralleled by reduction of perforin and 
endogenous lymphocyte numbers. No antibodies for the scFv portion 
of KTE-C19 were detected in any of the patients during the course of 
the study (data not shown). 

DISCUSSION 
To our knowledge, this is the first multicenter study of anti-CD19 
CAR T cell therapy in patients with NHL. Our results demonstrated 
that (1) the conditioning regimen of cyclophosphamide at 500 mg/m2 

(days �5, �4, and �3) and fludarabine at 30 mg/m2 (days �5, �4, 
and �3) followed by KTE-C19 (day 0) at a dose of 1–2 � 106 CAR 
T cells/kg is safe for further study and the toxicity is manageable; 
(2) a centralized, �8-day, closed manufacturing process of CAR 
T cells is feasible for a multicenter trial; and (3) therapy with 

288 Molecular Therapy Vol. 25 No 1 January 2017 



www.moleculartherapy.org 

Table 4. Characteristics of KTE-C19 Products 

Patient No. 

CAR T cells/kg � 106 

CD4 T cells (%) 

CD8 T cells (%) 

CD8/CD4 T cell ratio 

IFN-g production in co-culture (pg/mL)a 

Manufacturing time (days) 

1 

2.0 

18 

82 

4.6 

20,930 

8 

2 

2.0 

73 

27 

0.4 

8,589 

8 

3 

2.0 

30 

70 

2.3 

3,356 

8 

4 

1.1 

34 

66 

1.9 

7,598 

8 

5 6 7 

2.0 1.9 1.2 

51 30 68 

49 70 32 

1 2.3 0.5 

6,948 2,278 816 

8 9 8 

aCo-culture experiments were performed using Toledo cells mixed in a 1:1 ratio with KTE-C19 product cells. IFN-g was measured in cell culture media 24 hr post-incubation using a 
qualified ELISA. 

cryopreserved KTE-C19 product is associated with robust CAR T cell 
expansion and durable clinical responses that are similar to those 
observed with fresh anti-CD19 CAR T cell therapy in studies con-
ducted at single institutions.14 The results of this phase 1 study led 
to the initiation of the pivotal ZUMA-1 phase 2 registration trial. 

The conditioning chemotherapy regimen doses utilized in ZUMA-1 
were selected based on the results of the NCI clinical trial demon-
strating that lower doses of chemotherapy afforded clinical efficacy 
with an attenuated toxicity profile versus higher doses of conditioning 
chemotherapy.15 Although the fludarabine dose was comparable, the 
dose of cyclophosphamide utilized here is significantly lower than 
that used in other trials of CAR T cell therapy.16–18 The lower doses 
of the conditioning chemotherapy with KTE-C19 were also associated 
with an acceptable toxicity profile. CRS and neurotoxicity were 
the two primary categories of KTE-C19-related AEs. Grade R3 
CRS and neurotoxicity were observed in 14% (n = 1/7) and 57% 
(n = 4/7) of patients, respectively. One of seven patients (14%) expe-
rienced a DLT of grade 4 CRS and neurotoxicity, and none of the 
patient deaths was attributed to KTE-C19. 

Close examination of the patient who experienced a DLT was 
revealing. The patient experienced cyclical fevers prior to cell infusion 
on day 0 attributed to rapidly progressive bulky disease with B symp-
toms. Although blood cultures remained negative, the patient had 
mucositis with underlying active HSV-1 that was being treated 
through KTE-C19 infusion. Biomarker analysis of this patient re-
vealed a baseline CRP of 655 mg/L (normal range, 0–10 mg/L) in 
conjunction with the elevation of other inflammatory markers 
(IL-6, TNF-a). This timing and the nature of the cytokine profile 
were in stark contrast to the other patients in this trial (Figures 3B 
and 3C), indicating an extremely high level baseline inflammatory 
state. Following this DLT, the protocol was amended for safety so 
that patients having an active infection needing treatment or wors-
ening of their end organ function at the time of planned initiation 
of conditioning chemotherapy would be ineligible to proceed with 
conditioning chemotherapy or infusion of KTE-C19. Except for the 
patient who experienced a DLT, all CRS and neurotoxicity AEs 
were self-limiting, and resolved within 1 month at a similar incidence 
with those observed on single institutional anti-CD19 CAR T cell 

trials for B cell malignancies.19,20 Consistent with the “on-target, 
off-tumor” effect of KTE-C19, B cell aplasia and hypogammaglobu-
linemia were observed in subjects with ongoing complete response 
and persistent CAR T cells at 12 months post-infusion. 

Despite the small numbers in this study, the overall and CR rates were 
high and durable relative to historical controls. Durable efficacy of the 
KTE-C19 regimen was observed in patients with rigorously defined 
chemotherapy refractory disease who had no viable treatment 
options. Rapid CRs were demonstrated after only 1 month of 
follow-up in only those four (57%) patients who relapsed after prior 
ASCT, and responses are ongoing at 12+ months in three of seven 
(43%) patients. In these three patients, the duration of response 
with KTE-C19 markedly exceeded the time to relapse after their prior 
ASCT. This is remarkable, as the expected CR rate in this chemo-
therapy refractory patient population is 8%, and median OS is 
6.6 months with conventional therapies.10 Notably, responses in 
ZUMA-1 were observed without the use of any bridging chemo-
therapy: all patients proceeded directly from apheresis to condition-
ing chemotherapy and KTE-C19 infusion. 

Comprehensive characterization of the apheresis product, KTE-C19, 
and blood/serum samples post-infusion provided insights into the 
possible mechanisms of efficacy and toxicity observed in these pa-
tients. The closed, approximately 8-day, centralized manufacture of 
a cryopreserved product consistently yielded active CAR T cells in 
all patients, across a broad range irrespective of lymphocyte counts 
at time of enrollment (median, 900 lymphocytes/mL; range, 100– 
1,400/mL). The product T cells showed a less differentiated phenotype 
based on CCR7 and CD45RA expression, considered desirable for 
adoptive T cell therapies (Figure S2) as naive and central memory 
T cells have increased proliferative capacity.21–23 Adequate CD4+ 

and CD8+ CAR T cells in the final product were obtained without 
pre-selection of T cell subsets. 

The low-dose cyclophosphamide and fludarabine conditioning 
chemotherapy alone was capable of enhancing several homeostatic 
cytokines and chemokines, most notably IL-15, a critical T cell 
proliferative cytokine.24 Conditioning chemotherapy followed by 
KTE-C19 infusion resulted in a rapid and sequential induction, 
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elevation, and general clearance of an array of cytokines, chemo-
kines, and immune effector proteins (Figure 3C). More specifically, 
markers, including CRP, IL-6, TNF-a, IFN-g, and IL-15, increased 
with peak values occurring 2–3 days post-infusion, and typically 
resolved to baseline within the first 28 days (Figure S3). Levels of 
Granzyme B, a key effector of T cell-mediated cytotoxicity, peaked 
later, 3–7 days post-infusion, providing evidence of when im-
mune-mediated tumor cell killing may occur. This sequence of 
events paralleled CAR T cell expansion within 1–2 weeks after 
T cell infusion (Figure 3). 

The timing of the elevations and general clearance of these systemic 
cytokines, chemokines, and immune effectors are similar in timing 
to the onset and resolution of CRS and neurotoxicity. Although the 
etiology of CRS is better understood, the pathophysiology of neuro-
toxicity that manifests as toxic encephalopathy remains unclear. 
The neurotoxicity reported here has been observed across other 
anti-CD19 CAR T cell studies and with blinatumomab, a bispecific 

CD19.18,19,25–27T cell engager to Given that there is no direct 
evidence of CD19 expression in the CNS, two hypotheses that may 
not be mutually exclusive arise as the cause of neurotoxicity: either 
passive diffusion into the CNS of systemically generated cytokines; 
or activated CAR T cells migrating through the blood-brain barrier 
with subsequent local production of cytokines within the CNS.28,29 

Regardless, the neurotoxicity is generally reversible resolving in a 
similar temporal fashion to the abatement of peak CAR T cell and 
cytokines levels. 

The agents effectively used for management of CRS and neurotox-
icity, tocilizumab and/or systemic corticosteroids, did not appear to 
ablate CAR T cell expansion nor alter the CAR T cell-related elevation 
of cytokines, chemokines, and immune effector molecules. Impor-
tantly, durable responses were observed in patients who received 
tocilizumab and/or corticosteroids for toxicity management as well 
as those who did not. Overall, this analysis suggests the CAR T 
infusion in concert with chemotherapy conditioning creates an envi-
ronment that promotes CAR T cell expansion, trafficking, anti-tumor 
activity, and persistence for an interval of time sufficient to mediate 
clinical activity. 

Figure 2. Apheresis and Product Phenotype as 

Determined by Flow Cytometry Using CD45RA and 

CCR7 Cell Surface Markers 

N, naive; CM, central memory; EM, effector memory; Eff, 

effector. The bars and boxes show the minimum, 

maximum, median, and interquartile range. 

In conclusion, the results of this phase 1 portion 
of ZUMA-1, the first multicenter study of anti-
CD19 CAR T cell therapy in aggressive NHL, 
demonstrated that the KTE-C19 regimen was 
tolerable and safe for further study. It also vali-
dated that centralized manufacturing is feasible 
and established the logistics for transportation 

of patient-specific product door to door within approximately 
2 weeks. More importantly, it showed that a single infusion of cryo-
preserved KTE-C19 cells could provide durable clinical responses 
in refractory DLBCL patients including those whose disease has failed 
to respond to ASCT. Together, these results fulfilled a prerequisite to 
broaden clinical applicability of this patient-specific adoptive T cell 
therapy and have led to the initiation of the pivotal multicenter phase 
2 portion of ZUMA-1 for patients with refractory aggressive B cell 
NHL with an unmet clinical need. 

MATERIALS AND METHODS 
Patient Population 

The ZUMA-1 study is a phase 1/2, single-arm, open-label study evalu-
ating the safety and efficacy of anti-CD19 CAR T cells (KTE-C19) in 
patients with refractory aggressive NHL. Eligible patients must have 
had all of the following: (1) histologically confirmed B cell NHL, 
including DLBCL not otherwise specified, primary mediastinal large 
B cell lymphoma, or transformed follicular lymphoma (TFL) as defined 
by the World Health Organization 2008 criteria; (2) chemotherapy re-
fractory disease (as defined in the SCHOLAR-1 study:10 progressive 
disease or stable disease lasting %6 months, as best response to most 
recent chemotherapy regimen; or disease progression or recurrence 
%12 months after prior ASCT); (3) prior therapy must have included 
an anti-CD20 monoclonal antibody-containing regimen and an an-
thracycline-containing chemotherapy regimen; for patients with TFL, 
prior chemotherapy for follicular lymphoma and subsequent refractory 
disease after transformation to DLBCL; (4) at least one measurable 
lesion according to revised International Working Group (IWG) 
Response criteria;30 (5) no evidence of CNS lymphoma by magnetic 
resonance imaging; and (6) R2 weeks since prior radiation therapy 
or systemic therapy at the time of leukapheresis. Eligible patients 
were also aged R18 years, with ECOG performance status of 0 or 1, 
absolute neutrophil count of R1,000/mL, and platelet count of 
R50,000/mL. Patients must have had adequate renal, hepatic, and car-
diac function defined as serum creatinine of %1.5 mg/dL, serum 
alanine aminotransferase/aspartate aminotransferase of %2.5 times 
the upper limit of normal, total bilirubin of %1.5 mg/dL (except 
in patients with Gilbert’s syndrome), cardiac ejection fraction of 
R50%, and no evidence of pericardial effusion, as determined by an 
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Figure 3. Kinetics of Peripheral Blood CAR T Cells and Serum Biomarkers 

(A) PCR data demonstrates exponential expansion and persistence of CD19 CAR T cells in blood. Expansion occurs rapidly with peak levels achieved within the first 

7–14 days post-KTE-C19 infusion (note: patient 7 was not tested). Persisting CD19 CAR T cells were detectable in six of six (100%) patients at week 4 and in four of five (80%) 

patients with samples available for testing at month 3. Three patients with ongoing CR had detectable CAR T cells at 12 months. Limit of detection of the qPCR assay is 

0.001% or 1 � 10�5. (B) Analysis of patient serum reveals a biomarker profile composed of specific cytokines, chemokines, and effector proteins associated with KTE-C19 

treatment. The expansion of CD19 CAR T cells (Figure 3A) was mirrored by induction and elevation of a range of cytokines that regulate proliferation, activation, and effector 

function. Induction of IL-15 occurs during conditioning chemotherapy and levels continue to rise post-infusion, promoting anti-CD19 CAR T cell expansion. CRP levels 

parallel CRS and generally resolve within the first 28 days. Granzyme B levels peak 3–7 days post-infusion, during peak anti-CD19 CAR T cell expansion, and provide 

evidence of effector function and tumor killing. (C) Heat map of serum biomarkers demonstrates sequential induction and gradual resolution within the first 2 weeks after 

KTE-C19 infusion of key cytokines, chemokines, and effector proteins. Patients 1–6 demonstrated similar baseline levels and post-infusion kinetics for induction of IL-15 

(legend continued on next page) 
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echocardiogram. Key exclusion criteria included history of malignancy 
other than non-melanoma skin carcinoma in situ, ASCT within6 weeks 
of informed consent, history of allogeneic hematopoietic stem cell 
transplant, prior CD19-targeted therapy, and prior CAR T cell therapy 
(except KTE-C19). All patients provided written, informed consent. 
The Institutional Review Board/Independent Ethics Committee of 
each study site approved the protocol. This study was conducted in 
accordance with the principles of the Declaration of Helsinki. 

Phase 1 Study Design and Toxicity Evaluation 

In the phase 1 portion of ZUMA-1, the primary endpoint was inci-
dence of DLTs. The study began with cohort A1. Progression to phase 
2 would occur if the patient incidence of DLT was less than or equal to 
one of six DLT-evaluable patients in cohort A1. Dose-limiting toxic-
ities were defined as KTE-C19-related events with onset within 
30 days of infusion and included grade 4 neutropenia or thrombocy-
topenia lasting longer than 21 or 35 days, respectively; any KTE-C19-
related AE requiring intubation; all other grade 3 toxicities lasting 
more than 3 days; and any grade 4 toxicities. Exceptions to this defi-
nition, not counting as DLT, included the following: aphasia/ 
dysphasia or confusion/cognitive disturbance resolving to grade %1 
within 2 weeks and baseline within 4 weeks; grade 3 fever or myelo-
suppression; or grade 3 immediate hypersensitivity reaction within 
2 hr reversible to grade %2 within 24 hr; and grade 3 or 4 
hypogammaglobulinemia. 

The investigators were responsible for monitoring and reporting of all 
AEs through 3 months post-infusion. Adverse events were graded ac-
cording to the NCI Common Terminology Criteria for Adverse 
Events (CTCAE), version 4.03. For CRS, a revised grading system 
created by Lee et al.13 was used. After 3 months, investigators moni-
tored and reported on a targeted subset of AEs, including neurological 
and hematological AEs, infections, autoimmune disorders, and sec-
ondary malignancies for 24 months (or until disease progression, 
whichever occurred first). Secondary endpoints included objective 
response rate per revised IWG Response Criteria for Malignant Lym-
phoma per Cheson et al.,30 duration of response, progression-free 
survival, OS, incidence of AEs and clinically significant changes in 
laboratory values, incidences of anti-KTE-C19 antibodies, and levels 
of anti-CD19 CAR+ T cells and cytokines in blood and serum. Explor-
atory endpoints included objective response rate (ORR) and duration 
of second response among patients retreated with KTE-C19, and 
biomarker development based on assessment of blood and tumor 
cells and KTE-C19. 

Study Procedures and Treatment 

Patients were enrolled following screening and confirmation of 
eligibility and underwent leukapheresis within 5 days of enrollment 
to obtain peripheral blood mononuclear cells (PBMCs) to manufac-

ture KTE-C19. Approximately 5 to 10 � 109 mononuclear cells 
from 12 to 15 L of apheresis material were shipped overnight to the 
central cell processing facility and enriched for the T cell-containing 
PBMC fraction. T cells were then stimulated to expand with anti-CD3 
and IL-2 and transduced with a retroviral vector containing the CAR 
gene construct.20 Following expansion, the final KTE-C19 product 
was washed, cryopreserved, and tested for identity, potency, sterility, 
and adventitious agents. After meeting acceptance criteria, the KTE-
C19 product was shipped back to the clinical sites using a validated 
cryo-shipper within approximately 2 weeks.31 

Before receiving CAR T cell infusion, per cohort A1 parameters, 
patients received a non-myeloablative low-dose conditioning chemo-
therapy regimen of fludarabine at 30 mg/m2/day and cyclophospha-
mide at 500 mg/m2/day on day �5, day �4, and day �3. On day 0, 
hospitalized patients received a single intravenous infusion of 
KTE-C19 at a target dose of 2 � 106 CAR+ T cells/kg (minimum of 
1 � 106 CAR+ T cells/kg) and remained hospitalized to recovery 
through day 7 or until all KTE-C19-related non-hematological toxic-
ities returned to grade %1 or baseline. 

Patients were followed in the post-treatment assessment period and 
returned to the clinic at week 2, week 4 (±3 days), month 2 
(±1 week), and month 3 (±1 week). All patients completing the 
month 3 visit were followed in the long-term follow-up period for sur-
vival and disease status every 3 months (±2 weeks) through month 18, 
every 6 months (±1 month) between months 24 and 60; beginning 
with year 6 (month 72 ± 3 months), patients will return to the clinic 
once annually for up to 15 years. Patients achieving a CR or PR could 
have received a second course of conditioning chemotherapy and 
KTE-C19 if their disease progressed (not due to CD19� malignant 
cells) as part of an exploratory analysis. Each patient was allowed a 
maximum of one retreatment course. 

Biomarker Analysis 

Multiparametric flow cytometry was performed from apheresis 
through manufacturing, and final product, with in vivo characteriza-
tion until end of study. Biomarker analyses were performed on blood 
and tumor samples to evaluate predictive and pharmacodynamic 
markers for KTE-C19. The presence, expansion, and persistence of 
transduced anti-CD19 CAR+ T cells in the blood were monitored 
by PCR. Levels of 44 serum cytokines, chemokines, circulating angio-
genic factors, immune effector molecules, and markers of macro-
phage activating syndrome (MAS) were also assessed. Archived 
tumor tissue was collected for central pathology review. 

Measurement of Serum Cytokines 

Patient serum was harvested at the following time points: day �5 
(prior to conditioning), day 0 (prior to KTE-C19 administration), 

(T cell proliferation), CRP (marker of inflammation), granzyme B (evidence of effector function), and IP-10 (chemokine that promotes CAR T cell homing). Early induction of 

IL-15, CRP, and IP-10 was observed 1–3 days post-infusion and effector function occurred around days 3–7 for these patients. In contrast, patient 7 demonstrated a 

dysregulated profile relative to the other six patients both at baseline (IL-15, CRP, and IP-10) and after KTE-C19 administration (all markers), indicative of an inflammatory state 

prior to KTE-C19. 
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every other day during hospitalization, day 14 and day 28. Serum sam-
ples were processed locally using standard serum separator tubes (BD 
Biosciences). Serum samples were held at �80�C for subsequent anal-
ysis by Luminex (EMD Millipore) or Meso Scale Discovery (MSD). 
Prior to processing, serum samples were briefly thawed on ice and ali-
quoted into 96-well U-bottom plates (BD Biosciences). Samples were 
analyzed using the following MSD kits: MSD V-PLEX Plus Angiogen-
esis Panel 1 (Human) Kit (bFGF, Flt-1/VEGFR-1, PlGF, Tie-2, 
VEGF-A, VEGF-C, VEGF-D), MSD V-PLEX Plus Chemokine Panel 1 
(Human) Kit (Eotaxin, Eotaxin-3, IL-8 [HA], IP-10, MCP-1, MCP-4, 
MDC, MIP-1a, MIP-1b, TARC), MSD V-PLEX Plus Cytokine Panel 1 
(Human) Kit (GM-CSF, IL-12/IL-23p40, IL-15, IL-16, IL-17A, IL-1a, 
IL-5, IL-7, TNF-b), MSD V-PLEX Plus Proinflammatory Panel 1 (Hu-
man) Kit (IFN-g, IL-10, IL-12p70, IL-13, IL-1b, IL-2, IL-4, IL-6, IL-8, 
TNF-a), MSD V-PLEX Plus Vascular Injury Panel 2 (Human) Kit 
(CRP, ICAM-1, SAA, VCAM-1), and Luminex HCD8MAG-15K-04 
(Granzyme A, Granzyme B, sFASL, and Perforin). All assays were car-
ried out according to the manufacturer’s specifications. Quality and 
assay standard controls were included for independent runs per the 
manufacturer’s protocol. 

All MSD assays were read using a MESO QuickPlex SQ 120 and anal-
ysis was performed using DISCOVERY WORKBENCH 4.0 (MSD). 
Luminex assays were read using a Luminex 200 system, and analysis 
was performed using Bio-Plex Data Pro software (Bio-Rad). Analyte 
values were reported as picograms per milliliter of serum. 

Flow Cytometry Analysis of Product, Apheresis Material, and 

CAR T Cells after Co-culture with Target Cells 

As part of standard release criteria, KTE-C19 products were evaluated 
by flow cytometry for anti-CD19 CAR surface expression, percentage 
of CD4 and CD8 T cells, and also memory phenotypes (Naive, Tcm, 
Tem,, and Teff as defined by CCR7 and CD45RA). Testing was per-
formed by Progenitor Cell Therapy, using validated protocols. 

Cryopreserved apheresis samples were rapidly thawed in a 37�C water 
bath, washed twice with calcium-free/magnesium-free PBS (VWR 
Scientific) by gentle centrifugation, and resuspended in FACS Stain 
Buffer (BD Biosciences). Sample viability and cell density were 
measured using a Vi-cell as described. Cell densities were adjusted 
to 1.0 � 106 viable cells/mL in FACS stain buffer. Cells were aliquoted 
into 5-mL FACS tubes (BD Biosciences) at a final density of 1.0 � 106 

viable cells/test. Cells were stained for 30 min on wet ice with the 
following commercially available fluorochrome-conjugated anti-
bodies from BioLegend, CD3 fluorescein isothiocyante (FITC), 
CCR7 Brilliant Violet 650 (BV650), CD45RA allophycocyanin 
(APC), and CD4 Alexa Fluor 700 (AF700). 

Cells from co-cultures of CAR T cells and target cell lines CD19-K562 
or NGFR-K562 were pooled for analysis by flow cytometry. Sample 
viability and cell density were measured using a Vi-cell as previously 
described. Cell densities were adjusted to 1.0 � 106 viable cells/mL. 
Cells were aliquoted into 5-mL polystyrene FACS tubes (BD Biosci-
ences) at a density of 1.0 � 106 viable cells. Staining was performed 

for 30 min on wet ice with the following commercially available fluo-
rochrome-conjugated antibodies: (1) from BD Biosciences, PD1 phy-
coerytherin cyanine 7 (PE-Cy7) and CD57 Brilliant Violet 421 
(BV421); (2) from BioLegend, CD3 (FITC), CCR7 (BV650), 
CD45RA (APC), CD4 (AF700), CD69 (BV510), CD137 (BV421), 
and CD107a (AF700); (3) from the Surgery Branch of the NCI, 
anti-CD19 CAR PE. All antibodies used in this study were titrated 
before use. 

Prior to flow-cytometric analysis, samples were stained with propi-
dium iodide (BD Biosciences) to exclude dead and apoptotic cells. 
Flow cytometry was performed using a FACSCanto II (BD Biosci-
ences). For phenotypic markers, data were reported as percent 
positive (% pos) relative to the appropriate fluorescence minus 
one (FMO) control. For activation markers, data were reported 
relative to the CAR T cell products not subjected to co-culture. 
The analysis employed a cell-gating strategy that selected viable 
CD3+ and anti-CD19 scFV+ cells and excluded dead/apoptotic 
cells. A notable exception to the gating strategy in co-cultured 
CAR T cell products was a shifting of the gating strategy to viable 
CD3+ cells (and not anti-CD19 scFV+ cells) due to downregulation 
of surface CAR on T cells following engagement of the target anti-
gen. Where feasible, data from a minimum of 1 � 104 viable cells 
were acquired. Data analysis was performed using FlowJo software, 
version 10 (FLOWJO) using standardized gating and compensation 
strategies. 

Measurement of Anti-CD19 CAR T Cell Presence, Expansion, 

and Persistence 

A qPCR assay, previously described,14,15,32 was optimized and vali-
dated by the University of Rochester Medical Center Central Lab 
Services (URMC CLS) for monitoring of anti-CD19 CAR T cell 
expansion and persistence. Sensitivity of the optimized method is 
0.001% or 1 � 10�5. Testing was performed by URMC CLS using 
cryopreserved PBMC at baseline, prior to conditioning chemotherapy 
and KTE-C19 administration, at days 7, 14, and 28, and months 3, 6, 
9, and 12. 

Measurement of Anti-KTE-C19 Antibodies 

Presence of anti-KTE-C19 antibodies were monitored by Intertek 
Laboratories using a qualified bridge ELISA designed to specifically 
detect anti-FMC63 antibodies in patient serum. Testing was per-
formed at baseline, prior to conditioning chemotherapy and KTE-
C19 administration, and at months 1 and 3. 

Confirmatory Diagnosis of DLBCL in Archival Tumor Samples 

Archived tumor tissue was collected for central pathology review at 
NeoGenomics Laboratories. 
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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 a median peak blood CAR+ cell level of 15/mL (P = .027). High serum IL-15 levels were 
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. © 2017 by American Society of Clinical Oncology 

INTRODUCTION 
(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 

Chimeric antigen receptors (CARs) are artificial T cells have been published.19-22 Diffuse large 
proteins that incorporate an antigen recognition B-cell lymphoma (DLBCL) that is either refractory 
domain and T-cell signaling domains.1-8 T cells to chemotherapy17,18,23-25 or relapsed after autol-
genetically modified to express a CAR recognize ogous stem-cell transplantation (ASCT)26,27 car-
and kill malignant cells expressing the antigen ries a grim prognosis. New therapies are needed for 
targeted by the CAR.9-11 T cells expressing CARs advanced-stage B-cell lymphomas. CAR T cells 
that target the B-cell antigen CD19 (CAR-19) have cause adverse events including but not limited 
potent activity against acute lymphoid leukemia to hypotension, cardiac toxicity, and neurologic 
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toxicities. These toxicities are thought to be caused by cytokines 
directly released by CAR T 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 CAR used 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 CAR T 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 
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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 DLBCL were 
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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Table 1. Patient Characteristics 

No. of Prior Duration of 
Lines of CAR+ T-Cell Best Response 

Patient No.a Age (years) Lymphoma Type Lymphoma Statusb Treatment sAAIPIc Dose (per kg) 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, Relapse after ASCT 4 High 1 3 106 PR 14 
transformed 
from follicular 

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, Neither 7 Intermediate 1 3 106 CR 24+ 

transformed 
from follicular 

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, Relapse after ASCT 5 Intermediate 2 3 106 CR 18+ 

transformed 
from follicular 

32 40 PMBCL Chemotherapy-refractory 2 Intermediate 6 3 106 PD NA 
33 67 DLBCL, Neither 3 High 2 3 106 CR 15+ 

transformed 
from CLL 

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 
lymphoma was 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. 

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 
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Fig 1. Low-dose chemotherapy depletes lymphocytes and modulates 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: naıve (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 3 months after CAR T-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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Fig 2. Chimeric antigen receptor (CAR) targeting CD19 (CAR-19) T cells eradicated large masses of chemotherapy-refractory lymphoma. (A) Graphical representation of 
the types of antilymphoma responses and the durations of responses. (B) Progression-free survival starting at the day of cell infusion and ending at the day of disease 
progression is shown for all patients. Red marks indicate censored patients with ongoing complete remissions (CRs) at the time of last follow-up with one exception: the 
red mark at 4 months after CAR T-cell infusion indicates the time point when patient 40 underwent allogeneic stem-cell transplantation while in partial remission. Two 
patients were censored at the 13-month time point and three patients were censored at the 14-month time point, but there is only one red mark on the graph for each of 
these time points. (C) Patient 35 had received four types of lymphoma therapy, and his diffuse large B-cell lymphoma was chemotherapy refractory at the time of protocol 
enrollment. After CAR-19 T-cell infusion, his lymphoma entered an ongoing CR. (D) At the time of protocol enrollment, patient 38 had received five types of prior lymphoma 
therapy, and her diffuse large B-cell lymphoma was refractory to chemotherapy. After CAR-19 T-cell infusion, the lymphoma entered an ongoing CR. For (C) and (D), 
the white arrows indicate sites of lymphoma. Residual red-colored areas in the after-treatment images are normal findings in the brain, heart, kidneys, and bladder. 
PD, progressive disease. 
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Table 2. All Grade 2, 3, and 4 Adverse Events in the First Month After Anti-CD19 CAR T-Cell Infusion 

Adverse Events 

Patient No. Grade 2 Grade 3 Grade 4* 

22 

23† 

24 

25 

26 

27‡ 

28 

29 

30 
31 
32 
33 

34 

35 

36 

37 

38 

39 
40 

41 

42 

43 

None 

Fever 

Dysphasia 

None 

Sensory neuropathy 
(numbness) 

Fever 

Fever 

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

Fever 
Dysphasia, fever, hypotension 
Fever, dyspnea, hypoxia 
Fever, sinus tachycardia 

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

Laryngeal nerve dysfunction, 
atrial fibrillation 

Hypotension 

Motor neuropathy (gait 
disturbance) 

Tremor 

Dysphasia 
None 

Tremor 

None 

Dysphasia, psychosis 
(hallucinations/delusions) 

Platelets, neutrophils, and hemoglobin 
decreased, febrile neutropenia, hypotension 

Febrile neutropenia, encephalopathy, 
neutrophils decreased 

Hemoglobin decreased, febrile neutropenia 

Leukocytes and neutrophils decreased, 
hyponatremia 

Hyponatremia 

ALT and AST increased, leukocytes and 
neutrophils decreased§ 

Hemoglobin decreased, febrile neutropenia, 
partial thromboplastin time increased 

Neutrophils and hemoglobin decreased 

Neutrophils decreased 
Syncope 
Hemoglobin decreased 
ALT, AST, and bilirubin increased, hemoglobin 
and neutrophils decreased, confusion 

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

Hemoglobin and platelets decreased, fever, 
confusion, dysphagia 

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

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

Hemoglobin decreased, fever, confusion, 
febrile neutropenia, somnolence 

Hemoglobin decreased, febrile neutropenia 
Fever, hemoglobin and neutrophils decreased, 
somnolence, seizure, psychosis 
(hallucinations/delusions) 

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

Hemoglobin decreased, cognitive disturbance, 
febrile neutropenia, agitation, dysphasia, 
catheter-related infection, somnolence 

Hemoglobin and neutrophils decreased, febrile 
neutropenia, 

Leukocytes decreased 

None 

Neutrophils and leukocytes 
decreased 

None 

Neutrophils and leukocytes 
decreased 

None 

Neutrophils decreased 

None 

None 
None 
Confusion 
Dysphasia 

Confusion 

Hypotension, neutrophils decreased, 
dysphasia 

Platelets and neutrophils decreased, 
dysphasia, dyspnea, hypoxia 

Neutrophils and hemoglobin 
decreased, dysphasia, 

Neutrophils decreased, dysphasia 

Neutrophils decreased 
Hypotension, dysphasia, 
supraventricular tachycardia 

Cognitive disturbance 

Hypotension, platelets, and 
neutrophils decreased 

None 

Abbreviation: CAR, chimeric antigen receptor. 
*All grade 2, 3, and 4 adverse events within 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 developed myelodysplastic syndrome (MDS) 20 months after CAR T-cell infusion. The CAR gene was not detectable in the bone marrow 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. 

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 
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Fig 3. Clinical remissions of lymphoma were associated with high peak blood levels of chimeric antigen receptor positive (CAR+) cells and interleukin-15 (IL-15). The absolute 
number of CAR+ peripheral blood mononuclear cells (PBMCs) in patients who achieved clinical antilymphoma responses of either (A) complete remission (CR) or partial remission 
(PR) or (B) stable disease (SD) or progressive disease (PD) were quantified by polymerase chain reaction. (C) Patients who achieved remission (CR + PR) had higher levels of CAR+ 

PBMCs than patients who did not (SD + PD; P = .027). Horizontal lines represent the medians in panels C, F, I, and L. (D) CAR+ T cells from patient blood samples collected 
between 4 and 15 days after CAR T-cell infusion were stained for C-C chemokine receptor-7 (CCR7) and CD45RA. The graph shows the fraction of T cells with phenotypes of four 
different T-cell subsets: naıve (CCR7+CD45RA+), central memory (CM; CCR7+CD45RA ), effector memory (EM; CCR7 CD45RA ), and effector memory-RA (EMRA; 
CCR7 CD45RA+) subsets. Plots  were  gated  on CD3+CAR+ cells. For each T-cell subset, mean and standard error of the mean are shown. (E) The peak level of blood CAR+ cells 
correlated with the peak level of IL-15 (Spearman correlation r =0.7;  P = .001). (F) Patients who achieved remission of lymphoma (CR + PR) had higher serum IL-15 area-under-the-
curve (AUC) levels from day 5 to day 14 than patients who did not (SD + PD; P , .001). Serum levels of IL-15 for (G) all patients who achieved remission (CR + PR) or (H) patients 
who did not (SD + PD) are shown. Day 0 is the day of CAR T-cell infusion. (I) Patients who achieved remission (CR + PR) after CAR T-cell infusion had higher peak serum IL-15 
levels than patients who did not (P = .001). The serum levels of IL-10 for (J) all patients who achieved remission (CR + PR) or (K) patients who did not (SD + PD) are shown. (L) 
Patients who achieved remission (CR + PR) had higher peak serum levels of IL-10 than patients who did not achieve remission (SD + PD; P = .010). A total of 41 serum proteins 
were assessed (panels I and L), and the results of the two proteins with the most 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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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  
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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 CAR T-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  
8.2 3 106/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 

46rates.
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/ 
m 2; 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 CSF mononuclear 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 proteins were assessed (panels E, F, and G), and the results of the three proteins with the most 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 in mind that IL-15 might 
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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Original Article 

Tisagenlecleucel in Children and Young 
Adults with B-Cell Lymphoblastic Leukemia 

S.L. Maude, T.W. Laetsch, J. Buechner, S. Rives, M. Boyer, H. Bittencourt, 
P. Bader, M.R. Verneris, H.E. Stefanski, G.D. Myers, M. Qayed, B. De Moerloose, 

H. Hiramatsu, K. Schlis, K.L. Davis, P.L. Martin, E.R. Nemecek, G.A. Yanik, 
C. Peters, A. Baruchel, N. Boissel, F. Mechinaud, A. Balduzzi, J. Krueger, 

C.H. June, B.L. Levine, P. Wood, T. Taran, M. Leung, K.T. Mueller, Y. Zhang, 
K. Sen, D. Lebwohl, M.A. Pulsipher, and S.A. Grupp 

A BS TR AC T 

BACKGROUND 
In a single-center phase 1–2a study, the anti-CD19 chimeric antigen receptor (CAR) 
T-cell therapy tisagenlecleucel produced high rates of complete remission and was 
associated with serious but mainly reversible toxic effects in children and young 
adults with relapsed or refractory B-cell acute lymphoblastic leukemia (ALL). 

METHODS 
We conducted a phase 2, single-cohort, 25-center, global study of tisagenlecleucel 
in pediatric and young adult patients with CD19+ relapsed or refractory B-cell ALL. 
The primary end point was the overall remission rate (the rate of complete remission 
or complete remission with incomplete hematologic recovery) within 3 months. 

RESULTS 
For this planned analysis, 75 patients received an infusion of tisagenlecleucel and 
could be evaluated for efficacy. The overall remission rate within 3 months was 
81%, with all patients who had a response to treatment found to be negative for 
minimal residual disease, as assessed by means of flow cytometry. The rates of 
event-free survival and overall survival were 73% (95% confidence interval [CI], 
60 to 82) and 90% (95% CI, 81 to 95), respectively, at 6 months and 50% (95% CI, 
35 to 64) and 76% (95% CI, 63 to 86) at 12 months. The median duration of remis-
sion was not reached. Persistence of tisagenlecleucel in the blood was observed for 
as long as 20 months. Grade 3 or 4 adverse events that were suspected to be related 
to tisagenlecleucel occurred in 73% of patients. The cytokine release syndrome 
occurred in 77% of patients, 48% of whom received tocilizumab. Neurologic 
events occurred in 40% of patients and were managed with supportive care, and 
no cerebral edema was reported. 

CONCLUSIONS 
In this global study of CAR T-cell therapy, a single infusion of tisagenlecleucel 
provided durable remission with long-term persistence in pediatric and young 
adult patients with relapsed or refractory B-cell ALL, with transient high-grade 
toxic effects. (Funded by Novartis Pharmaceuticals; ClinicalTrials.gov number, 
NCT02435849.) 

The authors’ full names, academic de-
grees, and affiliations are listed in the 
Appendix. Address reprint requests to 
Dr. Maude at 3012 Colket Translational 
Research Bldg., 3501 Civic Center Blvd., 
Philadelphia, PA 19104, or at maude@ 
email.chop.edu. 
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Tisagenlecleucel (formerly CTL019), 
an anti-CD19 chimeric antigen receptor 
(CAR) T-cell therapy, is under investigation 

in patients with relapsed or refractory B-cell 
cancers, including B-cell acute lymphoblastic 
leukemia (ALL). Results from a single-center 
phase 1–2a study of tisagenlecleucel involving 
60 children and young adults with relapsed or 
refractory B-cell ALL that was conducted at the 
Children’s Hospital of Philadelphia and the Uni-
versity of Pennsylvania showed a rate of com-
plete remission of 93%.1 The cytokine release 
syndrome, a common adverse event associated 
with CAR T-cell therapies, occurred in 88% of pa-
tients and was effectively managed with supportive 
measures and anticytokine therapy, including the 
interleukin-6 receptor antagonist tocilizumab.1 

Long-term disease control without additional ther-
apy and with persistence of tisagenlecleucel for 
up to 4 years has been observed.1,2 

On the basis of these results, a phase 2 pivotal, 
multisite study of tisagenlecleucel was initiated. 
In this nonrandomized study of CAR T-cell ther-
apy, we used a global supply chain and included 
25 study sites in 11 countries across North Amer-
ica, Europe, Asia, and Australia. Here we report 
the results of a planned analysis of data from 
the study, including analyses of the efficacy, 
safety, and cellular kinetics of tisagenlecleucel in 
75 patients with at least 3 months of follow-up. 

Me thods 

Study Design 

We conducted a single-cohort, phase 2, multi-
center, global study of tisagenlecleucel in chil-
dren and young adults with relapsed or refrac-
tory B-cell ALL. To be eligible for participation 
in the study, patients had to be at least 3 years 
of age at screening and no older than 21 years of 
age at diagnosis and to have at least 5% lympho-
blasts in bone marrow at screening. Patients 
who had previously received anti-CD19 therapy 
were excluded (see the Methods section of the 
Supplementary Appendix, available with the full 
text of this article at NEJM.org). 

Tisagenlecleucel was generated ex vivo with 
the use of autologous T cells transduced with a 
lentiviral vector to express a CAR containing a 
CD3-zeta domain to provide a T-cell activation 
signal and a 4-1BB (CD137) domain to provide a 
costimulatory signal.3 

The study was sponsored and designed by 
Novartis Pharmaceuticals and was approved by 
the institutional review board at each participat-
ing institution. Patients or their guardians pro-
vided written informed consent or assent. Data 
were analyzed and interpreted by the sponsor in 
collaboration with the authors, and all the au-
thors reviewed the manuscript and vouch for ac-
curacy and completeness of the data and analyses 
and for adherence of the study to the protocol, 
available at NEJM.org. The first author wrote the 
first draft of the manuscript in conjunction with 
authors from Novartis. All the authors contrib-
uted to the writing of the manuscript and ap-
proved the final version for submission. Medical 
editorial assistance was provided by editors whose 
work was financially supported by Novartis. 

End Points 

The primary end point was an overall remission 
rate higher than 20% (the null hypothesis). The 
overall remission rate was defined as the rate of 
a best overall response of either complete remis-
sion or complete remission with incomplete hema-
tologic recovery within 3 months, as assessed by 
an independent review committee on the basis of 
the results of laboratory testing of blood, bone 
marrow, and cerebrospinal f luid (CSF), as well 
as physical examination. Responses were required 
to be maintained for at least 28 days (see the 
Methods section in the Supplementary Appen-
dix). Secondary end points included the rate of 
complete remission or complete remission with 
incomplete hematologic recovery with undetect-
able minimal residual disease (<0.01%) assessed 
by means of central multiparameter flow cytom-
etry, the duration of remission, event-free sur-
vival (i.e., the time from infusion to the earliest 
of the following events: no response, relapse be-
fore response was maintained for at least 28 days, 
or relapse after having complete remission or 
complete remission with incomplete hematologic 
recovery), overall survival, cellular kinetics, and 
safety. Additional details regarding the second-
ary end points are provided in the Supplementary 
Appendix. 

Statistical Analysis 

The primary end point was evaluated in the full 
analysis set. We determined that a sample of 76 
patients receiving a tisagenlecleucel infusion 
would provide more than 95% power to reject 
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the null hypothesis of an overall remission rate 
of 20% against the alternative hypothesis of an 
overall remission rate of 45% or higher at an 
overall one-sided significance level of 2.5%. 

An interim analysis was planned after the 
first 50 patients who received a tisagenlecleucel 
infusion had completed 3 months of follow-up 
or discontinued participation in the study. The 
results with regard to the primary end point 
were considered to be significant in the interim 
analysis if the one-sided P value was lower than 
0.0057. Key secondary end points were tested 
sequentially (after the primary end point was 
significant) to control the overall alpha. 

The results with regard to overall remission 
rate, response duration, event-free survival, over-
all survival, cellular kinetics, and safety that are 
presented in this report are from an updated 
analysis that included 75 patients who received 
tisagenlecleucel and had completed 3 months of 
follow-up or discontinued the study at an earlier 
point. For the time-to-event analyses, Kaplan– 
Meier curves were used to estimate survival dis-
tributions after infusion. All statistical tests were 
performed with the use of SAS software, version 

9.4 (SAS Institute). Additional details regarding 
the statistical analysis are provided in the Sup-
plementary Appendix. 

R esult s 

Patients 

Between April 8, 2015, and the data cutoff on 
April 25, 2017, a total of 107 patients were 
screened, and 92 were enrolled (Fig. 1). A total 
of 75 patients received an infusion of tisagenle-
cleucel, with a median time from enrollment 
to infusion of 45 days (range, 30 to 105). The 
median duration of follow-up among patients 
who received a tisagenlecleucel infusion was 
13.1 months. At enrollment, patients who received 
tisagenlecleucel had a median age of 11 years 
(range, 3 to 23), a median of 3 previous therapies 
(range, 1 to 8), and a median marrow blast per-
centage of 74% (range, 5 to 99); 46 patients 
(61%) had undergone previous allogeneic hemato-
poietic stem-cell transplantation (Table S1 in the 
Supplementary Appendix). 

Before tisagenlecleucel infusion, 72 of 75 pa-
tients (96%) received lymphodepleting chemo-

75 Underwent infusion 

92 Were enrolled 

17 Were excluded 
7 Had tisa enlecleucel 
product-related issues 

7 Died 
3 Had adverse events 

107 Patients were screened 

48 Remained in follow-up 

27 Discontinued 
11 Died 
9 Had lack of efficacy 
5 Underwent new therapy 
for ALL while in complete 
remission 

2 Withdrew or were withdrawn 
by  uardian 

Figure 1. Screening, Enrollment, Treatment, and Follow-up. 

The first patient’s first visit occurred on April 8, 2015. The median time from 
tisagenlecleucel infusion to data cutoff was 13.1 months. The reasons for 
patients not enrolling in the study after screening included not meeting the 
inclusion criteria or meeting the exclusion criteria (11 patients, including 
<5% blasts in the bone marrow in 8 patients), death before acceptance of 
the apheresis sample at the manufacturing facility (2 patients; 1 who died 
from pulmonary hemorrhage and 1 who died from multiorgan failure), phy-
sician decision (1), and apheresis-related issue (1). All patients who com-
pleted screening and whose apheresis product was received and accepted 
by the manufacturing facility were enrolled in the study. Of the 75 patients 
who received an infusion, 65 (87%) received bridging chemotherapy be-
tween enrollment and infusion, and 72 (96%) received lymphodepleting 
chemotherapy (fludarabine–cyclophosphamide [71 patients] or cytarabine– 
etoposide [1]). Seventeen enrolled patients did not receive a tisagenlecleucel 
infusion because of product-related issues (7 patients), death (7 patients; 
4 from disease progression and 1 each from sepsis, respiratory failure, and 
fungemia), and adverse events (3 patients; 1 each from graft-versus-host 
disease, systemic mycosis, and fungal pneumonia). Tisagenlecleucel product-
related issues included an inability to manufacture as a result of poor cell 
growth for 6 patients and a technical issue unrelated to cell growth for 1 pa-
tient. Patients who received the infusion but discontinued follow-up were 
followed for survival. At the time of data cutoff, 27 patients had discontin-
ued follow-up owing to death (11 patients; 7 from disease progression and 
1 each from encephalitis, cerebral hemorrhage, systemic mycosis, and hepa-
tobiliary disorders related to allogeneic hematopoietic stem-cell transplan-
tation), lack of efficacy (9 patients; nonresponse or relapse), new therapy 
while in complete remission (5), and patient or guardian decision (2); 48 
patients remained in follow-up. ALL denotes acute lymphoblastic leukemia. 
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therapy, which was not given at investigator dis-
cretion if a patient had leukopenia. Patients 
received a median weight-adjusted dose of 3.1×106 

transduced viable T cells per kilogram of body 
weight (range, 0.2×106 to 5.4×106 cells per kilo-
gram); the median total dose of transduced via-
ble T cells was 1.0×108 (range, 0.03×108 to 2.6×108 

cells) (Table S2 in the Supplementary Appendix). 

Efficacy 

In the interim analysis, which included 50 pa-
tients, the primary end point was met, with an 
overall remission rate of 82% (95% confidence 
interval [CI], 69 to 91; P<0.001); the results with 
regard to all key secondary end points were also 
significant.4 In this updated analysis involving 
75 patients who received a tisagenlecleucel infu-
sion and had at least 3 months of follow-up, the 
overall remission rate was 81% (95% CI, 71 to 
89); 45 patients (60%) had complete remission, 
and 16 (21%) had complete remission with in-
complete hematologic recovery. All patients who 
had a best overall response of complete remis-
sion with or without complete hematologic re-
covery were negative for minimal residual dis-
ease; 95% (58 of 61) of these patients were 
negative by day 28. In an intention-to-treat analy-
sis of the full enrolled population (92 patients), 
which included patients who discontinued partici-
pation in the study before tisagenlecleucel infu-
sion, the overall remission rate was 66% (95% CI, 
56 to 76) (Table S3 in the Supplementary Appen-
dix). In subgroup analyses that included patients 
with or without previous transplantation, with 
high-risk genomic lesions, or with Down’s syn-
drome, the overall remission rate ranged from 
79% to 83% (Fig. S1 in the Supplementary Ap-
pendix). 

Among the 61 patients with complete remis-
sion with or without complete hematologic re-
covery, the median response duration was not 
reached (Fig. 2A). The rate of relapse-free sur-
vival among patients with a response to treatment 
was 80% (95% CI, 65 to 89) at 6 months and 
59% (95% CI, 41 to 73) at 12 months. Among 
patients with complete remission, 17 had a re-
lapse before receiving additional anticancer ther-
apy. Relapse also occurred in 3 patients who 
proceeded to receive new cancer therapy for the 
emergence of minimal residual disease or loss of 
tisagenlecleucel persistence and in 2 patients who 
had already been classified as not having a re-

sponse to treatment because remission was not 
maintained for at least 28 days. No patients were 
found to have relapses in the central nervous 
system (CNS) during primary follow-up; 1 CNS 
relapse was reported after new anticancer ther-
apy. Characterization of CD19 status at the time 
of relapse showed that 1 patient had a CD19+ 
recurrence and 15 patients had CD19− (3 with 
concomitant CD19+ blasts); 6 patients had un-
known CD19 status. 

The rate of event-free survival was 73% (95% 
CI, 60 to 82) at 6 months and 50% (95% CI, 35 to 
64) at 12 months (Fig. 2B); median event-free sur-
vival was not reached. Eight patients underwent 
allogeneic hematopoietic stem-cell transplantation 
while in remission, including 2 patients with 
minimal residual disease–positive bone marrow 
and 2 with B-cell recovery within 6 months after 
infusion. All 8 patients were alive at the time of 
manuscript submission — 4 with no relapse and 
4 with unknown disease status. The rate of over-
all survival among the 75 patients who received 
tisagenlecleucel was 90% (95% CI, 81 to 95) at 
6 months after infusion and 76% (95% CI, 63 
to 86) at 12 months after infusion (Fig. 2B, and 
Fig. S2 in the Supplementary Appendix). 

Tisagenlecleucel Expansion and Persistence 

Tisagenlecleucel transgene was detected in periph-
eral blood by means of qualitative polymerase 
chain reaction.5 Among the 60 patients with a 
response at day 28 who could be evaluated for 
cellular kinetics, the median time to maximum 
expansion (Tmax) was 10 days (range, 5.7 to 28), 
whereas 6 patients with no response had a Tmax of 
20 days (range, 13 to 63) (Table S4 in the Supple-
mentary Appendix). Nine patients who could not 
be evaluated for response were not included in 
the analysis. Expansion, measured as the geomet-
ric mean of the area under the concentration–time 
curve in peripheral blood from time 0 to day 28 
(expressed as copies per microgram of DNA 
times days), was 315,000 in patients with a re-
sponse and 301,000 in patients without a response 
(Table S4 in the Supplementary Appendix). The 
median duration of persistence of tisagenlecleucel 
in blood was 168 days (range, 20 to 617 days; 60 
patients) at data cutoff. Across the wide range of 
doses infused, no relationship between dose and 
expansion was observed (r2<0.001) (Fig. S3 in the 
Supplementary Appendix), and clinical responses 
were observed across the entire dose range. 
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Figure 2. Duration of Remission, Event-free Survival, 
and Overall Survival. 

Panel A shows the duration of remission, defined as 
the time to relapse after the onset of remission, in the 
61 patients who had a best overall response of either 
complete remission or complete remission with incom-
plete hematologic recovery. Panel B shows event-free 
survival among the 75 patients who received an infusion, 
defined as the time from tisagenlecleucel infusion to 
the earliest of the following events: no response (8 pa-
tients), relapse before response was maintained for at 
least 28 days (2), or relapse after having complete re-
mission or complete remission with incomplete hema-
tologic recovery (17). A total of 32 patients had still not 
had an event at the time of data cutoff. Data for 16 more 
patients were censored for event-free survival — 8 pa-
tients for allogeneic stem-cell transplantation during 
remission, 7 patients for new cancer therapy other than 
stem-cell transplantation during remission (4 received 
humanized anti-CD19 CAR T cells, 1 received ponatinib, 
1 received vincristine sulfate and blinatumomab, and 
1 received antithymocyte globulin), and 1 patient for 
lack of adequate assessment. Ten patients were followed 
for relapse after new therapy, 4 of whom had a relapse 
or died. Panel B also shows overall survival among the 
75 patients who received an infusion from the date of 
tisagenlecleucel infusion to the date of death from any 
cause. Nineteen patients died after tisagenlecleucel in-
fusion, and 56 patients had their data censored at the 
time of the last follow-up. Tick marks indicate the time 
of censoring. 
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B-Cell Aplasia 
All patients with a response to treatment had 
B-cell aplasia, and most patients in the study 
received immunoglobulin replacement in accor-
dance with local practice. The median time to 
B-cell recovery was not reached (Fig. S4 in the 
Supplementary Appendix). The probability of 
maintenance of B-cell aplasia at 6 months after 
infusion was 83% (95% CI, 69 to 91). 

Cytokine Response 

Among the 75 patients who received tisagenlec-
leucel, transient increases in serum interleu-
kin-6, interferon gamma, and ferritin levels oc-
curred during the cytokine release syndrome 
after infusion; these increases tended to be more 
pronounced in patients with grade 4 cytokine 
release syndrome than in patients with lower 
grades (Fig. S5 in the Supplementary Appendix). 
Similar trends were observed in the levels of 
other cytokines, including interleukin-10, inter-
leukin-12p70, interleukin-1β, interleukin-2, inter-
leukin-4, interleukin-8, and tumor necrosis fac-
tor α. A transient increase in the C-reactive 
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protein level was observed in most patients, but 
with large variability. 

Safety 

The safety analysis set included all 75 patients 
who received an infusion of tisagenlecleucel; the 
median time from infusion to data cutoff was 
13.1 months (range, 2.1 to 23.5). Eighteen pa-
tients (24%) received their infusions in an outpa-
tient setting. All patients had at least one adverse 
event during the study; 71 of 75 patients (95%) 
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Table 1. Overall Safety of Tisagenlecleucel. 

Event 

Adverse event of any grade 

Suspected to be related to tisagenlecleucel 

Grade 3 or 4 adverse event 

Suspected to be related to tisagenlecleucel 

Any Time 
(N= 75) 

75 (100) 

71 (95) 

66 (88) 

55 (73) 

≤8 Wk 
after Infusion 

(N= 75) 

number of patients (percent) 

74 (99) 

69 (92) 

62 (83) 

52 (69) 

>8 Wk to 1 Yr 
after Infusion 

(N= 70) 

65 (93) 

30 (43) 

31 (44) 

12 (17) 

had an adverse event that was suspected by the 
investigators to be related to tisagenlecleucel 
(Table 1). The most common nonhematologic 
adverse events of any grade at any time after 
infusion were the cytokine release syndrome 
(77%), pyrexia (40%), decreased appetite (39%), 
febrile neutropenia (36%), and headache (36%) 
(Tables S6 and S7 in the Supplementary Appen-
dix). Within 8 weeks after infusion, febrile neu-
tropenia occurred in 35% of the patients, and 
grade 3 or 4 neutropenia with a body tempera-
ture higher than 38.3°C occurred in 46 of 75 pa-
tients (61%). Fever, neutropenia, and the cytokine 
release syndrome often occurred concurrently 
after lymphodepleting chemotherapy and tisa-
genlecleucel infusion; differences in reporting 
may reflect differential attribution of fever to the 
cytokine release syndrome rather than to neu-
tropenia. 

A total of 66 of 75 patients (88%) had a grade 
3 or 4 adverse event; 55 of 75 patients (73%) had 
a grade 3 or 4 tisagenlecleucel-related adverse 
event (Table 1). Within 8 weeks after infusion, 
52 of 75 patients (69%) had a grade 3 or 4 tisa-
genlecleucel-related adverse event; during the 
period from 8 weeks to 1 year after infusion, 
the incidence decreased to 12 of the 70 patients 
for whom follow-up data were available (17%) 
(Table 2). Adverse events of special interest in-
cluded the cytokine release syndrome, cytopenias 
not resolved by day 28, infections, neurologic 
events, and the tumor lysis syndrome; 67 of 75 
patients (89%) had an adverse event of special 
interest within 8 weeks after infusion (Table 3). 
The cytokine release syndrome occurred in 58 of 
75 patients (77%); the median time to onset was 
3 days (range, 1 to 22), and the median duration 
was 8 days (range, 1 to 36). A total of 35 of 75 
patients (47%) were admitted to the intensive 

care unit (ICU) for management of the cytokine 
release syndrome, with a median stay of 7 days 
(range, 1 to 34). Nineteen patients (25%) were 
treated with high-dose vasopressors, 33 (44%) 
received oxygen supplementation, 10 (13%) re-
ceived mechanical ventilation, 7 (9%) underwent 
dialysis, and 28 (37%) received tocilizumab for 
management of the cytokine release syndrome.6 

Neurologic events occurred in 30 of 75 pa-
tients (40%) within 8 weeks after infusion. Ten 
patients (13%) had grade 3 neurologic events; no 
grade 4 events or cerebral edema were reported. 
The most common neurologic events of any 
grade were encephalopathy (11%), confusional 
state (9%), delirium (9%), tremor (8%), agitation 
(7%), and somnolence (7%); 1 patient had a sei-
zure (grade 3). The majority of neurologic events 
occurred during the cytokine release syndrome 
or shortly after its resolution. Severe neurologic 
events occurred more frequently in patients with 
higher-grade cytokine release syndrome (Table 
S7 in the Supplementary Appendix); grade 3 neu-
rologic events occurred more frequently in pa-
tients with grade 4 cytokine release syndrome 
than among those with grade 0 through 3 (32% 
[6 of 19] vs. 7% [4 of 56]; 95% CI for the differ-
ence, −1 to 50 percentage points). Among grade 
3 neurologic episodes that resolved, 50% re-
solved within 10 days, and 75% resolved within 
18 days. Four grade 3 neurologic episodes were 
unresolved in 3 patients at the time of discon-
tinuation for no response (1 patient) or at the 
time of death (1 death due to leukemia progres-
sion and 1 due to encephalitis), 2 of which were 
thought to be related to tisagenlecleucel (1 each 
of encephalopathy and delirium). Neurologic 
events were managed with supportive care af-
ter ruling out other potential causes of the 
symptoms. 
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Table 2. Grade 3 or 4 Adverse Events Suspected to Be Related to Tisagenlecleucel That Occurred in at Least 5% of Patients. 

Event 
≤8 Wk after Infusion 

(N= 75) 
>8 Wk to 1 Yr after Infusion 

(N= 70) 

Grade 3 Grade 4 Grade 3 Grade 4 

number of patients (percent) 

Any grade 3 or 4 adverse event 19 (25) 33 (44) 8 (11) 4 (6) 

Cytokine release syndrome 16 (21) 19 (25) — — 

Hypotension 7 (9) 6 (8) — — 

Decrease in lymphocyte count 5 (7) 4 (5) 1 (1) — 

Hypoxia 5 (7) 3 (4) — — 

Increase in blood bilirubin 8 (11) — — — 

Increase in aspartate aminotransferase 5 (7) 2 (3) — — 

Pyrexia 5 (7) 2 (3) — — 

Decrease in neutrophil count 1 (1) 6 (8) 1 (1) 1 (1) 

Decrease in white-cell count — 7 (9) — — 

Decrease in platelet count 3 (4) 4 (5) — — 

Decrease in appetite 6 (8) 1 (1) — — 

Acute kidney injury 3 (4) 3 (4) — — 

Hypophosphatemia 5 (7) 1 (1) — — 

Hypokalemia 6 (8) — — — 

Pulmonary edema 4 (5) 1 (1) — — 

Thrombocytopenia 1 (1) 4 (5) — 1 (1) 

Encephalopathy 4 (5) — — — 

Increase in alanine aminotransferase 4 (5) — — — 

Fluid overload 4 (5) — — — 

A total of 31 of 75 patients (41%) had grade 3 
or 4 decreased platelet counts that had not re-
solved by day 28. Of those 31 patients, 22 had 
resolution to grade 2 or lower by the last assess-
ment, and 9 did not. By month 3, the Kaplan– 
Meier estimate of the percentage of patients with 
resolution to grade 2 or lower was 73%. A grade 
3 or 4 decreased neutrophil count that had not 
resolved by day 28 was reported in 40 of 75 pa-
tients (53%). Of those 40 patients, 32 had resolu-
tion to grade 2 or lower by the last assessment, 
and 8 did not; the Kaplan–Meier estimate of the 
percentage of patients who had resolution to 
grade 2 or lower by month 3 was 66%. Eighteen 
of these 40 patients (45%) had grade 3 or 4 infec-
tions. In rare cases, prolonged grade 3 or 4 neu-
tropenia before and after tisagenlecleucel infu-
sion was associated with infections that were 
severe (grade 3 human herpesvirus 6 [HHV-6] 
encephalitis) or fatal (encephalitis and systemic 
mycosis). 

Table 3. Adverse Events of Special Interest within 8 Weeks after Infusion, 
Regardless of Relationship to Tisagenlecleucel.* 

Type of Event 
Any Grade 

(N= 75) 
Grade 3 
(N= 75) 

Grade 4 
(N= 75) 

number of patients (percent) 

Any adverse event of special interest 67 (89) 26 (35) 30 (40) 

Cytokine release syndrome 58 (77) 16 (21) 19 (25) 

Neurologic event 30 (40) 10 (13) 0 

Infection 32 (43) 16 (21) 2 (3) 

Febrile neutropenia 26 (35) 24 (32) 2 (3) 

Cytopenia not resolved by day 28 28 (37) 12 (16) 12 (16) 

Tumor lysis syndrome 3 (4) 3 (4) 0 

* The criteria for defining adverse events of special interest were based on expe-
rience from ongoing clinical studies. The cytokine release syndrome includes 
the Medical Dictionary for Regulatory Activities preferred terms “cytokine re-
lease syndrome,” “cytokine storm,” “shock,” “macrophage activation,” and 
“hemophagocytic lymphohistiocytosis.” Neurologic events include the stan-
dardized Medical Dictionary for Regulatory Activities query terms “noninfec-
tious encephalopathy” and “delirium.” 
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Nineteen deaths occurred after tisagenlecleu-
cel infusion. Within 30 days after infusion, 1 pa-
tient died from cerebral hemorrhage in the con-
text of coagulopathy and resolving cytokine 
release syndrome (15 days after infusion), and 
1 patient died from progressive B-cell ALL. More 
than 30 days after infusion, 17 patients died; the 
causes of death were B-cell ALL relapse or pro-
gression (12 patients), HHV-6–positive encepha-
litis in association with prolonged neutropenia 
and lymphopenia (1), systemic mycosis in asso-
ciation with prolonged neutropenia (1), and un-
known causes (1); in 2 patients, death occurred 
after new therapies for B-cell ALL (1 from pneu-
monia and 1 from hepatobiliary disease). 

Discussion 

In this global, multicenter, pivotal study of CAR 
T-cell therapy, high response rates were shown 
in children and young adults with relapsed or 
refractory B-cell ALL, 61% of whom had had a 
relapse after allogeneic hematopoietic stem-cell 
transplantation. Effective distribution of tisagen-
lecleucel across four continents with the use of 
a global supply chain was shown to be feasible 
and resulted in efficacy and safety similar to 
those observed in the previous, single-center 
study.1 

This updated analysis showed an overall re-
mission rate of 81% among 75 patients with at 
least 3 months of follow-up after a single infu-
sion of tisagenlecleucel. The remissions were du-
rable, with a 6-month relapse-free survival rate 
of 80%. The durability of the clinical response 
was associated with persistence of tisagenlecleu-
cel in peripheral blood and with persistent B-cell 
aplasia. 

The treatment of patients who have relapsed 
or refractory B-cell ALL after failure of two 
regimens is challenging. The rate of minimal 
residual disease–negative overall remission of 
81% and the 6-month overall survival rate of 
90% found in this study of tisagenlecleucel com-
pare favorably with the rates achieved with Food 
and Drug Administration–approved agents for 
relapsed B-cell ALL. A pivotal phase 2 study of 
clofarabine involving 61 pediatric patients with 
relapsed or refractory ALL showed a response 
rate of 20%, a median response duration of 29 
weeks (range, 1 to 48), and a median overall 
survival of 13 weeks (range, 1 to 89).7 In a study 

of the CD19–CD3 bispecific antibody blinatumo-
mab, complete remission occurred in 27 of the 
70 pediatric patients (39%) with relapsed or re-
fractory B-cell ALL within the first two cycles of 
blinatumomab treatment, with a rate of negativ-
ity for minimal residual disease of 20% and a 
median overall survival of 7.5 months.8 

High rates of complete remission have also 
been found in pediatric and adult patients with 
relapsed or refractory ALL treated with other 
anti-CD19 CAR T-cell therapies, and U.S. multi-
center phase 1–2 studies of the CAR T-cell ther-
apy KTE-C19 have been initiated in pediatric and 
adult patients with relapsed or refractory ALL.9-14 

One key difference between CAR designs is the 
costimulatory domain; tisagenlecleucel contains 
a 4-1BB domain, which has been suggested to 
improve the persistence of CAR T cells through 
amelioration of T-cell exhaustion.15 In a phase 1 
study of KTE-C19, which contains a CD28 do-
main, involving 21 children and young adults, 
CAR T cells were not detected beyond 68 days; 
therefore, KTE-C19 has been used as a bridge to 
allogeneic transplantation for most patients who 
receive it.13 In an updated analysis involving 38 
patients, all but 1 patient in sustained remission 
proceeded to undergo allogeneic transplanta-
tion, and median leukemia-free survival was 17.7 
months.16 The anti-CD19 CAR T-cell therapy 
JCAR017, which contains a 4-1BB costimulatory 
domain, was recently shown to result in a median 
expected duration of B-cell aplasia of 3 months 
in a cohort of 42 pediatric and young adult pa-
tients with ALL and was detected at 6 months in 
patients with relapsed or refractory non-Hodgkin’s 
lymphoma who had a response to treatment.17,18 

In an analysis involving 29 adult patients with 
ALL who were treated with JCAR017, of whom 
27 had complete remission, 8 of the 13 in ongo-
ing remission underwent subsequent allogeneic 
transplantation.19 In the present study, the me-
dian persistence of tisagenlecleucel was 168 days 
at data cutoff, with ongoing persistence for as 
long as 20 months and relapse-free survival rates 
of 80% at 6 months and 59% at 12 months, with 
only 9% of patients proceeding to undergo allo-
geneic transplantation. 

Previous studies showing promising results 
with anti-CD19 CAR T-cell therapies in the treat-
ment of relapsed and refractory B-cell ALL were 
single-center studies, with manufacture occur-
ring on site; therefore, the reproducibility and 
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feasibility of central manufacture in a global, 
multicenter setting remained uncertain. The tox-
icity and efficacy of tisagenlecleucel in this glob-
al, multicenter study were consistent with those 
in the single-center study, and the feasibility of 
a global supply chain was demonstrated.1,4 Be-
cause this study used cryopreserved leukaphere-
sis product (see the Methods section in the Sup-
plementary Appendix), it did not require fresh 
product and an open manufacture slot for en-
rollment. Training in the management of toxic 
effects and data collection included implementa-
tion of a grading scale for the cytokine release 
syndrome that was developed at the University of 
Pennsylvania and Children’s Hospital of Phila-
delphia, as well as a defined cytokine release 
syndrome management algorithm (Table S9 in 
the Supplementary Appendix).20 Tisagenlecleucel 
was administered as a single infusion, and most 
toxic effects were observed only during the first 
8 weeks after infusion. The product could be 
administered in the outpatient setting. In some 
cases, centers would initially elect to administer 
infusions to inpatients and then change to out-
patient administration after they had gained more 
experience. Patients who were treated in the out-
patient setting were admitted for fever. The me-
dian time from the onset of the cytokine release 
syndrome to grade 3 or 4 levels was 3 days. Al-
though nearly half the patients received care in 
an ICU, the criteria for admission to the ICU 
varied widely across institutions. A total of 25% 
of patients were treated with high-dose vaso-
pressors, a treatment commonly administered in 
intensive care settings. 

Neurologic adverse events, which have been 
observed with anti-CD19 CAR T-cell therapies 
and blinatumomab,8-10,21 occurred in our study. 
Most neurologic adverse events were transient, 
did not include cerebral edema, and appeared to 
be more frequent in patients with higher-grade 
cytokine release syndrome. 

Ongoing tisagenlecleucel persistence was ob-
served more than 1 year after infusion in pa-
tients with a treatment response. Across a 2-log 
tisagenlecleucel dose range, multi-log expansion 
occurred, and no relationship between infusion 
dose and expansion was found. This finding in-
dicates that patients can be effectively treated 
with tisagenlecleucel across a wide dose range 
without an apparent effect on expansion and re-
sponse. 

In conclusion, tisagenlecleucel produced high 
remission rates and durable remissions without 
additional therapy in high-risk pediatric and 
young adult patients with relapsed or refractory 
B-cell ALL. The risks associated with tisagenle-
cleucel are substantial, leading to ICU-level care 
in some cases, but were mitigated in most pa-
tients with supportive measures and cytokine 
blockade. 
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Axicabtagene Ciloleucel CAR T-Cell Therapy 
in Refractory Large B-Cell Lymphoma 

S.S. Neelapu, F.L. Locke, N.L. Bartlett, L.J. Lekakis, D.B. Miklos, C.A. Jacobson, 
I. Braunschweig, O.O. Oluwole, T. Siddiqi, Y. Lin, J.M. Timmerman, P.J. Stiff, 
J.W. Friedberg, I.W. Flinn, A. Goy, B.T. Hill, M.R. Smith, A. Deol, U. Farooq, 

P. McSweeney, J. Munoz, I. Avivi, J.E. Castro, J.R. Westin, J.C. Chavez, A. Ghobadi, 
K.V. Komanduri, R. Levy, E.D. Jacobsen, T.E. Witzig, P. Reagan, A. Bot, J. Rossi, 

L. Navale, Y. Jiang, J. Aycock, M. Elias, D. Chang, J. Wiezorek, and W.Y. Go 

A BS TR AC T 

BACKGROUND 
In a phase 1 trial, axicabtagene ciloleucel (axi-cel), an autologous anti-CD19 chime-
ric antigen receptor (CAR) T-cell therapy, showed efficacy in patients with refractory 
large B-cell lymphoma after the failure of conventional therapy. 

METHODS 
In this multicenter, phase 2 trial, we enrolled 111 patients with diffuse large B-cell 
lymphoma, primary mediastinal B-cell lymphoma, or transformed follicular lympho-
ma who had refractory disease despite undergoing recommended prior therapy. Pa-
tients received a target dose of 2×106 anti-CD19 CAR T cells per kilogram of body 
weight after receiving a conditioning regimen of low-dose cyclophosphamide and 
fludarabine. The primary end point was the rate of objective response (calculated as 
the combined rates of complete response and partial response). Secondary end points 
included overall survival, safety, and biomarker assessments. 

RESULTS 
Among the 111 patients who were enrolled, axi-cel was successfully manufactured 
for 110 (99%) and administered to 101 (91%). The objective response rate was 82%, 
and the complete response rate was 54%.With a median follow-up of 15.4 months, 
42% of the patients continued to have a response, with 40% continuing to have a 
complete response. The overall rate of survival at 18 months was 52%. The most com-
mon adverse events of grade 3 or higher during treatment were neutropenia (in 
78% of the patients), anemia (in 43%), and thrombocytopenia (in 38%). Grade 3 
or higher cytokine release syndrome and neurologic events occurred in 13% and 
28% of the patients, respectively. Three of the patients died during treatment. Higher 
CAR T-cell levels in blood were associated with response. 

CONCLUSIONS 
In this multicenter study, patients with refractory large B-cell lymphoma who received 
CAR T-cell therapy with axi-cel had high levels of durable response, with a safety pro-
file that included myelosuppression, the cytokine release syndrome, and neurologic 
events. (Funded by Kite Pharma and the Leukemia and Lymphoma Society Therapy 
Acceleration Program; ZUMA-1 ClinicalTrials.gov number, NCT02348216.) 
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Large B-cell lymphomas, including 
diffuse large B-cell lymphoma, primary me-
diastinal B-cell lymphoma, and transformed 

follicular lymphoma, are treated with combination 
chemoimmunotherapy at diagnosis.1-3 Patients who 
have a relapse with chemotherapy-sensitive dis-
ease may be treated with high-dose chemotherapy 
followed by autologous stem-cell transplantation.1-3 

However, patients who have disease that is resis-
tant to primary or salvage chemoimmunotherapy 
or who have had a relapse after transplantation 
have an extremely poor prognosis.4-13 Recently, in 
a large, international, retrospective research study 
involving patients with non-Hodgkin’s lymphoma 
(SCHOLAR-1), investigators found an objective 
response rate of 26%, a complete response rate 
of 7%, and a median overall survival of 6.3 months 
with existing therapies among patients who had 
aggressive B-cell lymphoma that was resistant 
to chemotherapy or who had a relapse within 
12 months after autologous stem-cell transplan-
tation.14 

Single-institution studies of anti-CD19 chime-
ric antigen receptor (CAR) T-cell therapy have 
shown high response rates in refractory B-cell 
lymphomas after the failure of conventional ther-
apy.15-19 Investigators at the National Cancer Insti-
tute have found that many responses have been 
ongoing beyond 4 years, which suggests that this 
therapy may be potentially curative.15-17 Axicabta-
gene ciloleucel (axi-cel, Kite Pharma) is an autolo-
gous anti-CD19 CAR T-cell therapy that uses the 
same CAR construct that was developed at the 
National Cancer Institute.15-17,20 It consists of a 
single-chain variable fragment extracellular do-
main targeting CD19 proteins with CD3ζ (also 
called CD247) and CD28 intracellular domains that 
signal T-cell activation.20 In this therapy, T cells 
that have been removed from a patient are geneti-
cally engineered to express anti-CD19 CARs and 
are then injected back into the patient. 

A phase 1 multicenter study (ZUMA-1) involv-
ing seven patients with refractory large B-cell 
lymphoma showed that axi-cel could be centrally 
manufactured and safely administered.21 An over-
all response to axi-cel therapy was reported in five 
patients and a complete response in four patients, 
with an ongoing complete response in three pa-
tients reported at 1 year.21 Here, we report the 
results of the primary analysis of phase 2 of 
ZUMA-1 and an updated analysis with 1 year of 
follow-up. 

Me thods 

Patients and Study Design 

The study was approved by the institutional re-
view board at each study site and was conducted 
in accordance with the Good Clinical Practice 
guidelines of the International Conference on 
Harmonisation. All the patients provided writ-
ten informed consent. The study was designed 
by employees of Kite Pharma, which also paid 
for medical-writing support. All the authors dis-
cussed and interpreted the results and vouch for 
the completeness and accuracy of the data and 
analyses and for the adherence of the study to 
the protocol, available with the full text of this 
article at NEJM.org. All the authors contributed 
to the conduct of the study, data analyses, and 
writing of the manuscript. 

The phase 2 treatment portion of the study 
ran from November 2015 through September 
2016 at 22 study centers (21 in the United States 
and 1 in Israel). (A complete list of study sites is 
provided in the Supplementary Appendix, avail-
able at NEJM.org.) Follow-up to evaluate the 
duration of response, survival, and late adverse 
events is ongoing. 

All the patients had histologically confirmed 
large B-cell lymphoma, including diffuse large 
B-cell lymphoma (cohort 1) and primary medias-
tinal B-cell lymphoma or transformed follicular 
lymphoma (cohort 2), on the basis of the 2008 
World Health Organization guidelines.22 Central 
confirmation of the diagnosis was performed 
retrospectively. Patients had refractory disease, 
which was defined as progressive or stable dis-
ease as the best response to the most recent 
chemotherapy regimen or disease progression or 
relapse within 12 months after autologous stem-
cell transplantation. Eligibility criteria and ther-
apy were similar to those in the phase 1 study 
(see the Methods section in the Supplementary 
Appendix).21 

After leukapheresis and axi-cel manufactur-
ing, patients received fixed low-dose condition-
ing chemotherapy consisting of fludarabine (at a 
dose of 30 mg per square meter of body-surface 
area per day) and cyclophosphamide (at a dose 
of 500 mg per square meter per day) on days −5, 
−4, and −3 before the administration of a single 
intravenous infusion of axi-cel at a target dose of 
2×106 CAR T cells per kilogram of body weight 
(on day 0).21 Systemic bridging chemotherapy was 
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not allowed after leukapheresis and before the 
administration of axi-cel. Patients who had an 
initial response and then had disease progression 
at least 3 months after the first dose of axi-cel 
could be retreated. 

End Points and Assessments 

The primary end point was the rate of objective 
response (calculated as the combined rates of com-
plete response and partial response), as assessed by 
the investigators according to the International 
Working Group Response Criteria for Malignant 
Lymphoma.23 Secondary end points included the 
duration of response, progression-free survival, 
overall survival, incidence of adverse events, and 
blood levels of CAR T cells and serum cytokines. 
The cytokine release syndrome was graded ac-
cording to the criteria of Lee et al.24 We used the 
National Cancer Institute Common Terminology 
Criteria for Adverse Events, version 4.03, to grade 
symptoms of the cytokine release syndrome and 
neurologic events along with other adverse events. 
CAR T-cell expansion and serum cytokines, and 
their associations with clinical outcomes, were 
analyzed as described previously.21,25 The cell-of-
origin subtype was assessed centrally by means 
of the NanoString Lymphoma Subtyping Test.26 

Details regarding the response criteria, grading of 
the cytokine release syndrome, and calculation 
of the CD19 histologic score are provided in the 
Methods section in the Supplementary Appendix. 

Statistical Analysis 

The primary analysis was conducted at the point 
when 92 patients could be evaluated 6 months 
after the axi-cel infusion. Efficacy and safety 
analyses were reported in the modified intention-
to-treat population of all the patients who had 
received axi-cel. We also performed an updated 
analysis of all the patients who had been treated 
in phase 121 and phase 2 of ZUMA-1. 

To analyze the response rate, we used a single-
group design in which we compared the response 
of patients with a prespecified rate of response 
of 20% on the basis of historical values for refrac-
tory diffuse large B-cell lymphoma.4-12 Efficacy 
testing had a power of at least 90% to distinguish 
between an active therapy with a 40% true re-
sponse rate and a therapy with a response rate 
of 20% or less with the use of a one-sided alpha 
level of 0.025. The primary end point was tested 
with an exact binomial test. We used the Wilcoxon 

rank-sum test to measure the associations between 
outcomes and levels of CAR T cells and cytokines, 
with P values adjusted using Holm’s procedure. 
Confidence intervals were calculated with the use 
of the Clopper–Pearson method. 

R esult s 

Patients 

A total of 111 patients were enrolled in the study. 
Axi-cel was manufactured for 110 patients (99%) 
and administered to 101 patients (91%); the latter 
population was included in the modified inten-
tion-to-treat analysis. Patients included 77 with 
diffuse large B-cell lymphoma and 24 with pri-
mary mediastinal B-cell lymphoma or transformed 
follicular lymphoma (Table 1, and Fig. S1 in the 
Supplementary Appendix). The date of data cutoff 
for the primary analysis was January 27, 2017; the 
median follow-up was 8.7 months. The cutoff date 
for the updated analysis was August 11, 2017, 
which resulted in a median follow-up of 15.4 
months. 

The median time from leukapheresis to deliv-
ery of axi-cel to the treatment facility was 17 days. 
Of the 10 patients who did not receive axi-cel, 
1 had unsuccessful manufacture of the CAR T-cell 
product, 4 had adverse events, 1 died from disease 
progression, and 2 had nonmeasurable disease 
before conditioning chemotherapy. After condi-
tioning chemotherapy but before axi-cel infusion, 
1 patient had sepsis and 1 died from multiple 
factors with laboratory abnormalities suggestive 
of the tumor lysis syndrome, gastrointestinal 
bleeding and perforation, and disease progression. 

Among the patients who were treated with 
axi-cel, the median age was 58 years (range, 23 
to 76). Most of the patients (85%) had stage III or 
IV disease; 77% had disease that was resistant to 
second-line or later therapies, 21% had disease 
relapse after transplantation, 69% had received at 
least three previous therapies, and 26% had a 
history of primary refractory disease (Table 1). 

Efficacy 
Primary Analysis 

At a minimum of 6 months of follow-up, the objec-
tive response rate among the protocol-specified 
92 patients was 82% (95% confidence interval [CI], 
72 to 89; P<0.001 for the comparison with a 20% 
historical control rate); among these patients, the 
complete response rate was 52% (Table S1 in the 
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Supplementary Appendix). An additional 9 pa-
tients were enrolled and awaiting treatment at 
the time that the 92nd patient received the axi-
cel infusion. Among the 101 patients who received 
axi-cel, the objective response rate was 82% (95% 
CI, 73 to 89), with a 54% complete response rate 
(Fig. 1A, and Fig. S2 in the Supplementary Ap-
pendix). 

The median time to response was rapid (1.0 
month; range, 0.8 to 6.0). The median duration 
of response was 8.1 months (95% CI, 3.3 to could 
not be estimated). Response rates were consistent 
across key covariates, including age, disease stage, 
International Prognostic Index score at enrollment, 
presence or absence of bulky disease, cell-of-
origin subtype, and use of tocilizumab or gluco-

Table 1. Treatment Disposition and Baseline Characteristics of the Patients.* 

Variable 
Patients with 

DLBCL 
Patients with 

PMBCL or TFL 

Treatment disposition 

No. of patients enrolled 81 30 

Treatment with axi-cel — no. (%) 

Yes 77 (95) 24 (80) 

No 4 (5) 6 (20) 

Death before treatment† 1 (1) 2 (7) 

Adverse event‡ 3 (4) 2 (7) 

Other§ 0 2 (7) 

Characteristics at baseline 

No. of patients 77 24 

Disease type — no. (%) 

DLBCL 77 (100) 0 

PMBCL 0 8 (33) 

TFL 0 16 (67) 

Age 

Median (range) — yr 58 (25–76) 57 (23–76) 

≥65 yr — no. (%) 17 (22) 7 (29) 

Male sex — no. (%) 50 (65) 18 (75) 

ECOG performance-status score of 1 
— no. (%) 

49 (64) 10 (42) 

Disease stage — no. (%) 

I or II 10 (13) 5 (21) 

III or IV 67 (87) 19 (79) 

International Prognostic Index score 
— no. (%)¶ 

0–2 40 (52) 13 (54) 

3 or 4 37 (48) 11 (46) 

CD-19 status — no./total no. (%)‖ 

Negative 7/63 (11) 1/19 (5) 

Positive 56/63 (89) 18/19 (95) 

Prior therapies — no. (%) 

≥Three prior lines of therapy 49 (64) 21 (88) 

History of primary refractory disease** 23 (30) 3 (12) 

History of resistance to two consecu-
tive lines 

39 (51) 15 (62) 

All Patients 

111 

101 (91) 

10 (9) 

3 (3) 

5 (5) 

2 (2) 

101 

77 (76) 

8 (8) 

16 (16) 

58 (23–76) 

24 (24) 

68 (67) 

59 (58) 

15 (15) 

86 (85) 

53 (52) 

48 (48) 

8/82 (10) 

74/82 (90) 

70 (69) 

26 (26) 

54 (53) 
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Table 1. (Continued.) 

Variable 

Refractory subgroup at study entry — no. (%) 

Primary refractory 

Refractory to second-line or subsequent 
therapy 

Relapse after autologous stem-cell trans-
plantation 

Patients with 
DLBCL 

2 (3) 

59 (77) 

16 (21) 

Patients with 
PMBCL or TFL 

0 

19 (79) 

5 (21) 

All Patients 

2 (2) 

78 (77) 

21 (21) 

* The abbreviation axi-cel denotes axicabtagene ciloleucel, DLBCL diffuse large B-cell lymphoma, ECOG Eastern 
Cooperative Oncology Group, PMBCL primary mediastinal large B-cell lymphoma, and TFL transformed follicular 
lymphoma. 

† Two patients died from disease progression (one after unsuccessful manufacture of the CAR T-cell product) and one 
from the tumor lysis syndrome. 

‡ The adverse events in the four patients who had undergone leukapheresis but had not received conditioning therapy 
or axi-cel were small intestine obstruction, hypoxia and pleural effusion, spinal column stenosis, and deep-vein 
thrombosis. The remaining patient received conditioning therapy but had a skin and wound infection that led to ec-
thyma and sepsis before axi-cel treatment. 

§ The two patients in this category had nonmeasurable disease after leukapheresis. 
¶ Scores on the International Prognostic Index include low risk (0 or 1 point), low-intermediate risk (2 points), high-

intermediate risk (3 points), and high risk (4 or 5 points). 
‖ The CD19 histologic score was assessed in the 82 patients with available samples. 
** Patients may have had other therapies after primary refractory disease. 

corticoids. Responses were also consistent in 26 
patients who had a history of primary refractory 
disease (response rate, 88%) and in 21 patients 
who had a history of autologous stem-cell trans-
plantation (response rate, 76%). The response 
rates did not appear to be influenced by biologic 
covariates, such as the prevalence and intensity 
of CD19 expression, or by product characteris-
tics, such as the ratio of CD4 cells to CD8 cells 
and T-cell phenotypes (Fig. 1B, and Tables S2, 
S3, and S4 in the Supplementary Appendix). 

At the time of the primary analysis, 52 patients 
had disease progression, 3 patients had died from 
adverse events during treatment, 1 patient started 
an alternative therapy before disease progres-
sion, 44 remained in remission (of whom 39 had 
a complete response), and 1 had stable disease. 
Of the patients who had disease progression after 
an initial response, 9 were retreated with axi-cel, 
according to the protocol. Of these patients, 5 had 
a response (2 complete and 3 partial), and 2 of 
these patients had an ongoing response. 

Updated Analysis 
To evaluate the durability of response with axi-cel, 
we performed an updated analysis when the 108 
patients in the phase 1 and 2 portions of ZUMA-1 
had been followed for a minimum of 1 year. The 
objective response rate was 82%, including a com-

plete response rate of 58%. Of the patients who 
did not have a complete response at the time of 
the first tumor assessment (1 month after the 
infusion of axi-cel), 23 patients (11 of 35 with a 
partial response and 12 of 25 with stable disease) 
subsequently had a complete response in the ab-
sence of additional therapies as late as 15 months 
after treatment. At the data cutoff, 42% remained 
in response, including 40% with a complete re-
sponse. Of the 7 patients in phase 1 of the study, 
3 had an ongoing complete response at 24 months. 

Preliminary analysis of CD19 expression at 
baseline and at the time of disease progression was 
ongoing. Of the 11 patients with disease pro-
gression who were included in the analysis, 3 (27%) 
with CD19-positive status at baseline had CD19-
negative disease at time of disease progression. 

Ongoing response rates were consistent across 
key covariates, including the use of tocilizumab 
or glucocorticoids (Fig. S3 in the Supplementary 
Appendix). The median duration of response was 
11.1 months (95% CI, 3.9 to could not be esti-
mated) (Fig. 2A). The median duration of pro-
gression-free survival was 5.8 months (95% CI, 
3.3 to could not be estimated) (Fig. 2B), with pro-
gression-free survival rates of 49% (95% CI, 39 to 
58) at 6 months, 44% (95% CI, 34 to 53) at 12 
months, and 41% (95% CI, 31 to 50) at 15 months. 
The median overall survival was not yet reached 
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Figure 1 (facing page). Objective Response Rate 
among the 101 Treated Patients. 

Panel A shows the objective response rate (ORR; cal-
culated as complete response [CR] plus partial re-
sponse [PR]) among the patients who received axi-
cabtagene ciloleucel (axi-cel), an anti-CD19 chimeric 
antigen receptor T-cell therapy, as well as the response 
among the patients with stable disease (SD), disease 
progression (PD), and those who could not be evaluat-
ed (NE). The patients in the modified intention-to-
treat population were evaluated according to the two 
main disease cohorts: diffuse large B-cell lymphoma 
(DLBCL) and either primary mediastinal large B-cell 
lymphoma (PMBCL) or transformed follicular lympho-
ma (TLF). The numbers in parentheses indicate the 
number of patients who had the specified response. 
On independent central review, the objective response 
rate was 71%, including a complete response rate of 
51% and a partial response rate of 20%. Panel B 
shows the subgroup analysis of the objective response 
rate for key baseline and clinical covariates. Scores on 
the International Prognostic Index (IPI) include low 
risk (0 or 1 point), low-intermediate risk (2 points), 
high-intermediate risk (3 points), and high risk (4 or 
5 points). The 95% confidence interval (CI) was calcu-
lated with the use of the Clopper–Pearson method. 
ASCT denotes autologous stem-cell transplantation. 
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(95% CI, 12.0 months to could not be estimated) 
(Fig. 2C), with overall survival rates of 78% (95% 
CI, 69 to 85) at 6 months, 59% (95% CI, 49 to 68) 
at 12 months, and 52% (95% CI, 41 to 62) at 18 
months. A total of 56% of patients remained alive 
at the time of the data cutoff. Two patients who 
had a response underwent allogeneic stem-cell 
transplantation. 

Safety 
Primary Analysis 

During treatment, all 101 patients who had re-
ceived axi-cel had adverse events, which were grade 
3 or higher in 95% (Table 2). The most common 
adverse events of any grade were pyrexia (in 85% 
of the patients), neutropenia (in 84%), and ane-
mia (in 66%). The most common adverse events 
of grade 3 or higher were neutropenia (in 78%), 
anemia (in 43%), and thrombocytopenia (in 38%). 
The cytokine release syndrome occurred in 94 
patients (93%). Most cases were of low grade (37% 
of grade 1 and 44% of grade 2), with 13% of grade 
3 or higher (9% of grade 3, 3% of grade 4, and 
1% of grade 5). 

The most common symptoms of the cytokine 
release syndrome of grade 3 or higher were py-

rexia (in 11% of the patients), hypoxia (in 9%), 
and hypotension (in 9%). Vasopressors were used 
in 17% of the patients. The median time after 
infusion until the onset of the cytokine release 
syndrome was 2 days (range, 1 to 12), and the 
median time until resolution was 8 days. All the 
events associated with the cytokine release syn-
drome resolved except for one event of grade 5 
hemophagocytic lymphohistiocytosis. Another 
event of grade 5 cardiac arrest occurred in a 
patient with the cytokine release syndrome. 

Neurologic events occurred in 65 patients (64%); 
28% were grade 3 or higher. The most common 
neurologic events of grade 3 or higher were en-
cephalopathy (in 21% of the patients), confusional 
state (in 9%), aphasia (in 7%), and somnolence (in 
7%). Early neurologic signs included word-finding 
difficulties (dysphasia), attention or calculation 
defects (counting backward by serial 7s), and dif-
ficulty executing complex commands (handwrit-
ing).27 The median onset of neurologic events 
occurred on day 5 (range, 1 to 17), with median 
resolution on day 17 after infusion. One patient 
had ongoing grade 1 memory impairment that re-
solved after the data cutoff for the primary analy-
sis. All the other neurologic events resolved except 
for four events, which were ongoing at the time 
of death (two deaths from progressive disease 
and two from adverse events unrelated to neuro-
logic events). Rates of the cytokine release syn-
drome and neurologic events decreased over the 
course of the study (Table S5 in the Supplemen-
tary Appendix). Forty-three percent of patients 
received tocilizumab and 27% received glucocor-
ticoids for the management of the cytokine re-
lease syndrome, neurologic events, or both,24 with 
no apparent effect on overall or ongoing response 
rates (Fig. 1B, and Fig. S3 in the Supplementary 
Appendix). 

Updated Analysis 
Ten patients had serious adverse events (includ-
ing nine infections in 8 patients) after the data 
cutoff for the primary analysis (Table S6 in the 
Supplementary Appendix). There were no new 
events associated with the cytokine release syn-
drome or neurologic events related to axi-cel treat-
ment. Forty-four patients (44%) died from causes 
that included disease progression (in 37 patients), 
adverse events (in 3 patients, including 2 with the 
above-mentioned axi-cel–related events associated 
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Figure 2 (facing page). Kaplan–Meier Estimates of the 
Duration of Response, Progression-free Survival, and 
Overall Survival. 

Panel A shows the duration of response, according to 
investigator assessment, in the 89 study patients who 
had an objective response, including those with a com-
plete response and those with a partial response. Pa-
tients who had a complete response had a longer dura-
tion of response than those with an objective or partial 
response. According to independent central review, the 
median duration of response was 8.1 months (range, 
3.5 to could not be estimated [NE]). Panel B shows the 
rate of progression-free survival, and Panel C the rate 
of overall survival in the 108 patients who were treated 
in the phase 1 and phase 2 studies. Tick marks indi-
cate the time of data censoring at the last follow-up. 
NR denotes not reached. 

with the cytokine release syndrome and 1 with 
pulmonary embolism that was not related to axi-
cel), and other causes after disease progression 
and subsequent therapies that were not related to 
axi-cel (in 4). One death that was not associated 
with axi-cel was previously reported in phase 1 of 
ZUMA-1.21 There were no new deaths from ad-
verse events after the primary analysis. No cases 
of replication-competent retrovirus or axi-cel treat-
ment-related secondary cancers were reported. 

Biomarkers 

CAR T levels peaked in the peripheral blood 
within 14 days after infusion of axi-cel and were 
detectable in most patients at 180 days after in-
fusion (Fig. 3A). Three patients with ongoing 
complete remission at 24 months still had detect-
able CAR T levels in the blood. Expansion was 
significantly associated with response (P<0.001), 
with an area under the curve within the first 28 
days after treatment that was 5.4 times as high 
among the patients who had a response as among 
those who did not have a response. Peak expan-
sion and area under the curve were significantly 
associated with neurologic events of grade 3 or 
higher but not with the cytokine release syndrome 
(Fig. 3B, and Table S7 and Fig. S4 in the Supple-
mentary Appendix). Of 44 serum biomarkers 
that were examined, several biomarkers, includ-
ing interleukin-6, -10, -15, and -2Rα and granzyme 
B, were significantly associated with neurologic 
events and the cytokine release syndrome of 
grade 3 or higher (Table S8 in the Supplementary 

Appendix). Several biomarkers, including interleu-
kin-2, granulocyte–macrophage colony-stimulat-
ing factor (GM-CSF), and ferritin, were signifi-
cantly associated only with neurologic events of 
grade 3 or higher (Fig. 3C). The induction of anti-
CAR antibodies was not observed in any patient. 

Discussion 

In this multicenter, phase 2 trial of axi-cel therapy, 
82% of the 101 patients with refractory large B-cell 
lymphoma who were treated had an objective re-
sponse, and 54% had a complete response. These 
findings compare favorably with the results of 
the recent SCHOLAR-1 study of existing therapies 
for this disease, which showed an objective re-
sponse rate of 26% and a complete response rate 
of 7%.14 With a median follow-up of 15.4 months 
in our study, responses were ongoing in 42% of the 
patients, including in 40% who had a complete 
response, with the emergence of a plateau in the 
duration of the response curve at 6 months. Al-
though most responses occurred in the first 
month, 23 patients had a complete response as late 
as 15 months. It would be reasonable to monitor 
patients who did not have a complete response at 
the first disease assessment and allow for an op-
portunity for an improved response, since consoli-
dation with allogeneic stem-cell transplantation 
comes with a high rate of treatment-related death 
and would also ablate CAR T cells. The median 
overall survival had not been reached, with an 
overall survival rate at 18 months of 52%. Ongo-
ing durable remissions have been observed in pa-
tients at 24 months. These results, combined with 
the observation of ongoing long-term remissions 
beyond 4 years in the previous National Cancer 
Institute study,17 suggest that axi-cel provides sub-
stantial clinical benefit for patients with refractory 
disease. 

In our study, the responses to treatment, in-
cluding ongoing ones, were consistent across key 
covariates. Similar response rates were observed 
in the 8 patients with CD19-negative disease as 
in those with CD19-positive disease at baseline, 
which suggests the potential limitations in CD19 
detection rather than true CD19 negativity. Analy-
ses of product characteristics, including the ratio 
of CD4 cells to CD8 cells and T-cell phenotypes, 
also showed similar outcomes, which further 
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highlights the consistency in treatment effects 
across clinical and biologic covariates. One limi-
tation of our study is the lack of a planned, de-
tailed analysis of molecular and cytogenetic char-
acteristics. Prospective data are needed on the 
influence of disease biology, such as double- and 
triple-hit lymphomas, on outcomes with CAR 
T-cell therapy. 

To be successful, a personalized cell therapy 
must be delivered in a safe and timely manner. 
In this study, we confirmed the feasibility and 
reliability of centralized manufacturing and coor-
dination of leukapheresis procedures and ship-
ping from multiple centers across the country. 
The product was manufactured for 99% of the 
enrolled patients and was administered to 91%. 

Table 2. Adverse Events, the Cytokine Release Syndrome, and Neurologic Events Associated with Treatment.* 

Event Any Grade Grade 1 or 2 Grade ≥3 

number of patients (percent) 

Adverse event 

Any 101 (100) 5 (5) 96 (95) 

Pyrexia 86 (85) 72 (71) 14 (14) 

Neutropenia 85 (84) 6 (6) 79 (78) 

Anemia 67 (66) 24 (24) 43 (43) 

Hypotension 60 (59) 46 (46) 14 (14) 

Thrombocytopenia 59 (58) 21 (21) 38 (38) 

Nausea 59 (58) 59 (58) 0 

Fatigue 52 (51) 50 (50) 2 (2) 

Decreased appetite 50 (50) 48 (48) 2 (2) 

Headache 47 (47) 46 (46) 1 (1) 

Diarrhea 43 (43) 39 (39) 4 (4) 

Hypoalbuminemia 41 (41) 40 (40) 1 (1) 

Hypocalcemia 40 (40) 34 (34) 6 (6) 

Chills 39 (39) 39 (39) 0 

Tachycardia 39 (39) 37 (37) 2 (2) 

Febrile neutropenia 35 (35) 4 (4) 31 (31) 

Encephalopathy 34 (34) 13 (13) 21 (21) 

Thrombocytopenia 59 (58) 21 (21) 38 (38) 

Vomiting 34 (34) 33 (33) 1 (1) 

Hypokalemia 33 (33) 30 (30) 3 (3) 

Hyponatremia 33 (33) 23 (23) 10 (10) 

Constipation 31 (31) 31 (31) 0 

White-cell count decreased 31 (31) 2 (2) 29 (29) 

Cytokine release syndrome 

Any 94 (93) 81 (80) 13 (13) 

Pyrexia 77 (76) 66 (65) 11 (11) 

Hypotension 41 (41) 32 (32) 9 (9) 

Hypoxia 22 (22) 13 (13) 9 (9) 

Tachycardia 21 (21) 20 (20) 1 (1) 

Chills 20 (20) 20 (20) 0 

Sinus tachycardia 8 (8) 8 (8) 0 

Headache 5 (5) 5 (5) 0 
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Table 2. (Continued.) 

Event Any Grade Grade 1 or 2 Grade ≥3 

number of patients (percent) 

Neurologic event 

Any 65 (64) 37 (37) 28 (28) 

Encephalopathy 34 (34) 13 (13) 21 (21) 

Confusional state 29 (29) 20 (20) 9 (9) 

Tremor 29 (29) 28 (28) 1 (1) 

Aphasia 18 (18) 11 (11) 7 (7) 

Somnolence 15 (15) 8 (8) 7 (7) 

Agitation 9 (9) 5 (5) 4 (4) 

Memory impairment 7 (7) 6 (6) 1 (1) 

Mental-status change 6 (6) 4 (4) 2 (2) 

* Listed are adverse events that occurred in at least 30% of the patients, along with symptoms of the cytokine release 
syndrome and neurologic events that occurred in at least 5% of the patients. The cytokine release syndrome was cate-
gorized according to a modified grading system proposed by Lee et al.24 Individual symptoms of the cytokine release 
syndrome and neurologic events were graded according to the National Cancer Institute Common Terminology Criteria 
for Adverse Events, version 4.03. 

The short 17-day median turnaround time was 
critical for these patients with refractory large 
B-cell lymphoma, who generally have rapidly 
growing disease. 

We found that axi-cel could be administered 
safely at medical facilities that perform transplan-
tation, even if such centers had no experience in 
CAR T-cell therapy. Algorithms for the manage-
ment of the cytokine release syndrome and neu-
rologic events were effectively implemented. The 
incidence of the cytokine release syndrome and 
neurologic events of grade 3 or higher decreased 
over the course of the study, possibly because of 
increased experience at the study centers and a 
protocol amendment allowing for earlier admin-
istration of tocilizumab or glucocorticoids.27 The 
cytokine release syndrome and neurologic events 
were generally reversible with no clinical sequelae. 
With extended follow-up, there were no new un-
expected serious adverse events and no new onset 
of the cytokine release syndrome or neurologic 
events related to CAR T cells. Furthermore, the 
3% rate of death during treatment compares fa-
vorably with rates observed during allogeneic stem-
cell transplantation.28 

CAR T-cell levels over the first 28 days of treat-
ment correlated with an objective response. This 
finding was consistent with prior single-institu-
tion trials of CAR T-cell therapy19,25 and strength-
ens the hypothesis that the presence of higher 

CAR T-cell levels after infusion may further aug-
ment efficacy. Recent studies have shown intrin-
sic differences in CAR T cells that use CD28 
rather than other costimulatory molecules, such 
as 4-1BB,29,30 but it remains unclear whether either 
costimulatory domain will confer differences in 
activity or persistence in patients and whether such 
responses are dependent on the tumor type.31 

Therefore, optimization of CAR constructs and 
manufacturing as well as combination strategies 
with immunomodulatory agents are being ex-
plored. 

Serum biomarker analysis confirmed associa-
tions of the presence of interleukin-6, -15, and 
-2Rα, as well as other markers, with the cytokine 
release syndrome of grade 3 or higher19,32-35 and 
with neurologic events of grade 3 or higher.19,34 

However, CAR T-cell levels and specific cyto-
kines, including interleukin-2, GM-CSF, and fer-
ritin, were associated only with grade 3 or higher 
neurologic events, which suggests that distinct 
mechanisms may underlie the pathogenesis of 
these adverse events. 

Although there is a theoretical concern re-
garding the use of immunosuppressive agents to 
manage the cytokine release syndrome or neuro-
logic events, the use of tocilizumab or glucocor-
ticoids did not appear to affect the overall response 
among the patients in our study. Furthermore, the 
development of a predictive or prognostic early 
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biomarker of the cytokine release syndrome or 
neurologic events may assist clinicians in deter-
mining when to intervene and optimize the 
management of toxic effects while preserving 
efficacy. 

In conclusion, our findings support the use of 
axi-cel as an effective therapeutic option in adult 
patients with relapsed or refractory large B-cell 
lymphoma after at least two prior systemic thera-
pies. Adverse events included myelosuppression, 
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Figure 3 (facing page). CAR T-Cell Expansion and 
Correlations with Response and Adverse Events. 

Serial blood samples were analyzed for chimeric anti-
gen receptor (CAR) T-cell levels and serum biomarkers 
in all 101 patients who were treated with axi-cel, as de-
scribed previously.21 Panel A shows CAR T-cell expan-
sion and persistence with median values and inter-
quartile ranges (Q1 and Q3). Panel B shows the 
association between CAR T-cell expansion, which was 
measured as peak levels of CAR cells per microliter of 
blood, and the objective response rate, neurologic 
events, and the cytokine release syndrome. The peak 
factor change is shown for patients with a response as 
compared with those without a response, for those 
with neurologic events of grade 3 or higher, and for 
those with the cytokine release syndrome of grade 3 
or higher. P values were calculated by means of the 
Wilcoxon rank-sum test. Panel C shows serum bio-
markers (interleukin-2, granulocyte–macrophage colo-
ny-stimulating factor [GM-CSF], and ferritin) that were 
associated only with neurologic events and not with 
the cytokine release syndrome. The peak value is de-
fined as the maximum level of the cytokine after base-
line. The peak factor is the value in patients with neu-
rologic events of grade 3 or higher versus those with 
events of grade 0 to 2. Adjusted P values were calcu-
lated with the use of Holm’s procedure after multiple 
testing by means of the Wilcoxon rank-sum test. In 
Panels B and C, the horizontal line within each box 
represents the median, and the lower and upper bor-
ders of each box represent the 25th and the 75th per-
centiles, respectively, and the I bars represent the 
minimum and maximum range. 
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the cytokine release syndrome, and neurologic 
events. 
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	Molecular Therapy 
	Table 1. Baseline Characteristics 
	Patient 
	Characteristic 1 
	Age (years) 
	59 
	Sex 
	male 
	ECOG PS 
	0 
	(1) R-CHOP 
	(2) R-ICE Prior therapies 
	(3) R-BEAM-ASCT 
	Prior lines of 
	3
	therapy 
	relapsed post
	-

	Relapsed/refractory 
	ASCT within 
	status 
	12 months 
	Primary diagnosis/ 
	DLBCL/non-GCB 
	sub-type 
	Disease stage 
	IV 
	2 
	68 
	male 
	1 
	(1) 
	(1) 
	(1) 
	R-CHOP 

	(2) 
	(2) 
	R-ICE 


	2 
	refractory second or higher line of therapy 
	DLBCL/GCB 
	II 
	II 
	3 

	69 
	male 
	0 
	(1) 
	(1) 
	(1) 
	R-CHOP 

	(2) 
	(2) 
	R-CEOP 

	(3) 
	(3) 
	R-ICE 

	(4) 
	(4) 
	R-GEMOX + lenalidomide 


	4 
	refractory second or higher line of therapy 
	DLBCL/non-GCB 
	III 
	III 
	4 

	67 
	male 
	1 
	(1) 
	(1) 
	(1) 
	R-CHOP 

	(2) 
	(2) 
	(2) 

	R-ESHAP 
	R-ESHAP 


	(3) 
	(3) 
	R-BEAMASCT 
	-


	(4) 
	(4) 
	R-GEMOX 


	4 
	relapsed post-ASCT within 12 months 
	DLBCL/GCB 
	I 
	I 
	5 

	34 
	female 
	0 
	(1) 
	(1) 
	(1) 
	R-CHOP 

	(2) 
	(2) 
	R-ICE 

	(3) 
	(3) 
	R-AZA/ SAHA/ GEMBUM-ASCT 


	3 
	relapsed post-ASCT within 12 months 
	DLBCL/non-GCB 
	IV 
	6 
	6 
	6 
	7 

	40 
	40 
	29 

	male 
	male 
	female 

	0 
	0 
	1 

	(1) R-EPOCH 
	(1) R-EPOCH 
	(1) R-CHOP 

	(2) R-BEAM-ASCT 
	(2) R-BEAM-ASCT 
	(2) R-GDP 

	(3) Ipilimumab+ Lenalidomide 
	(3) Ipilimumab+ Lenalidomide 
	(3) ICE 


	3 
	3 
	relapsed post-
	refractory second 
	ASCT within 
	or higher line of 
	12 months 
	therapy 
	DLBCL/GCB 
	DLBCL/non-GCB 
	I 
	III 
	ASCT, autologous stem cell transplant; AZA, azacitidine; BEAM, carmustine, etoposide, cytarabine, melphalan; CEOP, cyclophosphamide, etoposide, vincristine, prednisone; CHOP, cyclophosphamide, adriamycin, vincristine, prednisone; DLBCL, diffuse large B cell lymphoma; ECOG PS, Eastern Cooperative Oncology Group performance status; EPOCH, etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin; ESHAP, etoposide, methylprednisolone, high-dose cytarabine, cisplatin; GCB, germinal center B cell; GDP, g
	-

	events (AEs) due to disease progression, discontinued the study, and never received KTE-C19 (one prior to leukapheresis and one prior to conditioning chemotherapy). KTE-C19 manufacturing was successful for all eight leukapheresed patients (). Seven patients received conditioning chemotherapy and KTE-C19. One additional patient was added to have the pre-speciﬁed dose-limiting toxicity (DLT) set of six patients treated at a target of 2 . 10CART cells/kg (see ). Patients ranged from 29 to 69 years of age and h
	-
	Figure S1
	6 
	+ 
	Materials and Methods
	Table 1
	-
	12 
	12 


	Safety 
	All AEs occurring within 30 days of KTE-C19 infusion were graded and reported for the seven (100%) treated patients, with maximum grade 3, 4, and 5 events reported in three (43%), three (43%), and one (14%) patient(s), respectively (). All patients experienced KTE-C19-related AEs of any grade, with grade 3 and 4 events reported in four (57%) and one (14%) patient(s), respectively. No 
	All AEs occurring within 30 days of KTE-C19 infusion were graded and reported for the seven (100%) treated patients, with maximum grade 3, 4, and 5 events reported in three (43%), three (43%), and one (14%) patient(s), respectively (). All patients experienced KTE-C19-related AEs of any grade, with grade 3 and 4 events reported in four (57%) and one (14%) patient(s), respectively. No 
	Table 2
	-

	patient had a grade 5 KTE-C19-related event. B cell aplasia and hypogammaglobulinemia was observed in patients 4, 5, and 6 (data not shown). 
	-


	One patient (14%) experienced a DLT. Patient 7 was a 29-year-old female with DLBCL with an Eastern Cooperative Oncology Group (ECOG) performance status of 1 and refractory to three lines of combination immuno-chemotherapy (). She experienced grade 3 hypotension, grade 3 metabolic acidosis, and grade 4 encephalopathy on day 0 and required intubation on day 1; grade 3 acute systolic heart failure on day 2; and grade 4 cytokine release syndrome (CRS) comprising grade 4 acute kidney injury on day 6. The grade 4
	-
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	-
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	-
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	Table 2. Grade 3 or Higher Treatment-Emergent Adverse Events 
	Table 2. Grade 3 or Higher Treatment-Emergent Adverse Events 
	Table 2. Grade 3 or Higher Treatment-Emergent Adverse Events 
	Table 3. Cytokine Release Syndrome and Neurotoxicity 

	Worst Worst Worst 
	Worst Worst Worst 
	Worst 

	Grade 3, Grade 4, Grade 5, 
	Grade 3, Grade 4, Grade 5, 
	Event Any, n (%) Grade 3, n (%) 

	Event Any, n (%) n (%) n (%) n (%) 
	Event Any, n (%) n (%) n (%) n (%) 
	CRS, anya 6 (86) 0 
	CRS, anya 6 (86) 0 


	Any grade 3 or higher AE within 30 days of KTE-C19 7 (100) 3 (43) 3 (43) 1 (14) 
	Any grade 3 or higher AE within 30 days of KTE-C19 7 (100) 3 (43) 3 (43) 1 (14) 
	CRS, Speciﬁc Symptomsb 
	CRS, Speciﬁc Symptomsb 


	infusion 
	infusion 
	Pyrexia 5 (71) 1 (14) 

	Febrile neutropenia 4 (57) 3 (43) 1 (14) 0 
	Febrile neutropenia 4 (57) 3 (43) 1 (14) 0 
	Hypotension 3 (43) 1 (14)c 
	Hypotension 3 (43) 1 (14)c 



	Encephalopathy 
	Encephalopathy 
	Encephalopathy 
	3 (43) 

	Neutropenia 
	Neutropenia 
	3 (43) 

	Anemia 
	Anemia 
	2 (29) 

	Hypoxia 
	Hypoxia 
	2 (29) 

	Somnolence 
	Somnolence 
	2 (29) 

	Thrombocytopenia 
	Thrombocytopenia 
	2 (29) 

	Acute kidney injury 
	Acute kidney injury 
	1 (14) 

	Agitation 
	Agitation 
	1 (14) 

	Ascites 
	Ascites 
	1 (14) 

	Aspartate aminotransferase increased 
	Aspartate aminotransferase increased 
	1 (14) 

	Cardiac failure 
	Cardiac failure 
	1 (14) 

	Delirium 
	Delirium 
	1 (14) 

	Fatigue 
	Fatigue 
	1 (14) 

	Hemorrhage intracranial 
	Hemorrhage intracranial 
	1 (14) 

	Hypocalcemia 
	Hypocalcemia 
	1 (14) 

	Hyponatremia 
	Hyponatremia 
	1 (14) 

	Hypophosphatemia 
	Hypophosphatemia 
	1 (14) 

	Hypotension 
	Hypotension 
	1 (14) 

	Metabolic acidosis 
	Metabolic acidosis 
	1 (14) 

	Oral herpes 
	Oral herpes 
	1 (14) 

	Pseudomonal sepsis 
	Pseudomonal sepsis 
	1 (14) 

	Pyrexia 
	Pyrexia 
	1 (14) 

	Restlessness 
	Restlessness 
	1 (14) 

	Tremor 
	Tremor 
	1 (14) 

	Urinary tract infection 
	Urinary tract infection 
	1 (14) 


	2 (29) 
	0 
	2 (29) 
	2 (29) 
	2 (29) 
	0 
	0 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	0 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	0 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 

	3 (43) 
	0 
	0 
	0 
	2 (29) 
	1 (14) 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	1 (14) 
	0 
	0 
	0 
	0 
	0 
	0 Tachycardia 

	0 Acute kidney injury 
	0 Cardiac failure 
	0 Headache 
	0 Hypoxia 
	0 Metabolic acidosis 
	0 Neurotoxicity, any 
	0 Neurotoxicity, any 
	2 (29) 

	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	6 (86) 
	0 Neurotoxicity, Speciﬁc Symptoms 
	0 
	Encephalopathy 0 
	Tremor Somnolence 
	0 
	Agitation 
	Agitation 
	0 

	Aphasia 
	Aphasia 
	0 

	Delirium 
	1 (14) 
	Dizziness 
	0 
	Dyskinesia 
	Dyskinesia 
	0 

	Hallucination 
	0 
	Restlessness 
	0 
	5 (71) 
	4 (57) 
	2 (29) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	1 (14) 
	Worst Grade 4, n (%) 
	1 (14) 
	0 
	0 
	0 
	0 
	0 
	1 (14)
	c 
	c 


	1 (14)
	c 
	c 


	0 
	0 
	0 
	1 (14) 
	0 
	1 (14)c 
	1 (14)c 
	1 (14)c 
	1 (14)c 

	0 

	3 (43) 
	3 (43) 
	1 (14) 

	2 (29) 
	2 (29) 
	1 (14)c 
	1 (14)c 


	1 (14) 
	1 (14) 
	0 

	1 (14) 
	1 (14) 
	0 

	1 (14) 
	1 (14) 
	0 

	0 
	0 
	0 

	1 (14) 
	1 (14) 
	0 

	0 
	0 
	0 

	0 
	0 
	0 

	0 
	0 
	0 

	1 (14) 
	1 (14) 
	0 


	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	Cytokine release syndrome was reported in six (86%) patients treated 
	tients have died. With the exception of the patient who experienced 

	with KTE-C19. Five (71%) patients experienced grade %2 CRS and 

	the DLT, all deaths were due to progressive disease. Based on the 

	one (14%) patient experienced grade 4 CRS (occurring in the patient 

	safety proﬁle of the six evaluable DLT patients in phase 1, this 

	with a DLT; ). The most common CRS-related symptoms were 
	Table 3


	regimen was deemed safe for study in phase 2. 

	pyrexia (71%), hypotension (43%), and tachycardia (29%). All grade 3 and 4 CRS-related events, except for one grade 3 pyrexia and one grade 3 hypoxia, occurred in the same patient experiencing the Efﬁcacy DLT. Six of seven (86%) patients (patients 1, 2, 3, 4, 5, and 7) received Five of seven (71%) patients achieved an objective response within tocilizumab and four of seven (57%; patients 1, 3, 4, and 7) received 1 month of KTE-C19 infusion, with four of seven (57%) achieving corticosteroids for management o
	-
	13 
	13 

	Table S1
	Figure 1
	-
	Table 3

	CRS was graded per a modiﬁed grading system proposed by Lee et al.Individual symptoms of CRS are graded per CTCAE, version 4.03. 0 Events occurred in patient 7. 
	a
	13 
	13 

	0 
	b
	c

	0 
	0 
	with the DLT). The median time to development of CRS and neuro
	-

	0 
	toxicity were 1 day (range: 0–3 days; n = 6) and 4 days (1–4 days; 
	0 
	n = 6), respectively, with a median duration of 7 days (range: 
	3–17 days; n = 6) and 8 days (range: 2–20 days; n = 6), respectively. Except for the patient who experienced a DLT, CRS and neurotoxicity were found to be self-limiting and reversible. Four of the seven pa-
	0
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	A 
	1 
	(4.3 mo) 2 
	(9.0 mo) 3 
	(1.9 mo) 4 5 6 7 
	(0.5 mo) 0123 4 567 8910111213 
	Figure
	Months Post KTE-C19 Infusion 
	Patient 
	Figure
	B 
	KTE-C19 Retreatment Response Ongoing Disease Progression Death (Time to Death
	from 1st dose) Complete Response Partial Response Stable Disease Not Evaluated 
	Baseline Patient 5 CR at 30 DaysAfter KTE-C19 
	Figure 1. Clinical Efﬁcacy after KTE-C19 Infusion 
	(A) Duration of response and survival post-infusion with KTE-C19. (B) CR at 30 days post KTE-C19 infusion in patient 5. Representative PET-CT scans at baseline and 30 days post KTE-C19 infusion in a patient with DLBCL relapsing after prior therapy with R-CHOP, R-ICE, and ASCT with Rituximab-gemcitabine-busulfanmelphalan+azacitidine-vorinostat. 
	-

	supportive care for the treatment of both CRS and neurotoxicity during the ﬁrst week post-treatment, and one received supportive care only. B shows a representative positron emission tomography-computed tomography (PET-CT) with induction of CR 30 days after KTE-C19 infusion in patient 5. The response is ongoing at 12+ months. Patient 5 was previously treated with R-CHOP and R-ICE followed by ASCT conditioned with rituximab-gemcitabinebusulfan-melphalan+azacitidine-vorinostat and relapsed with DLBCL in the t
	Figure 1
	-
	-
	Table 1

	Patient 2 achieved CR at 1 month after KTE-C19; however, progressive disease was noted at 3-month restaging and was subsequently proven as CD19relapse by biopsy. Per protocol, patient 2 was retreated with exactly the same low-dose conditioning chemotherapy followed by the same target dose of KTE-C19. After the second infusion, KTE-C19 expansion was detected and the patient achieved a PR at 1 month. This patient progressed 3 months after the second infusion of KTE-C19 and died at 9 months following the initi
	-
	+ 
	-
	-
	-
	Figure 1
	-
	-
	-
	-

	Immunophenotyping and Biomarker Analysis 
	Detailed phenotypic characterization of the patients’ apheresis material, KTE-C19, and subsequent biomarker samples were conducted as outlined in . The initial apheresis material () and subsequent KTE-C19 product had similar intrapatient CD4/CD8 ratios (data not shown). Unfractionated CD4 and CD8 T cells were effectively transduced and showed ex vivo reactivity against CD19target cells (). T cells within the apher
	Detailed phenotypic characterization of the patients’ apheresis material, KTE-C19, and subsequent biomarker samples were conducted as outlined in . The initial apheresis material () and subsequent KTE-C19 product had similar intrapatient CD4/CD8 ratios (data not shown). Unfractionated CD4 and CD8 T cells were effectively transduced and showed ex vivo reactivity against CD19target cells (). T cells within the apher
	-
	Materials and Methods
	Table S2
	-
	-
	+ 
	Table 4
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	esis product typically showed more differentiated phenotypes with higher proportions of cells with effector memory (Tem [CCR7, CD45RA]) and effector (Teff [CCR7, CD45RA]) phenotypic proﬁles (). The post-manufacture KTE-C19 CAR T cell product showed a less differentiated phenotype () based on CCR7 and CD45RA expression, with lower proportions of cells with Tem and Teff phenotypes compared to apheresis T cells and higher proportions of T cells with central memory (Tcm [CCR7, CD45RA]) and naive (TN [CCR7, CD45
	. 
	.
	. 
	+
	Figure 2
	Figure 2
	+
	.
	+
	+
	Figure S2


	Peak expansion of CAR T cells occurred within the ﬁrst 7–14 days post-infusion (A) and were detectable at low levels by qPCR analysis for up to 12 months in the peripheral blood of all three patients with ongoing CRs. Expansion of KTE-C19 was mirrored by sequential induction, elevation, and general clearance of a range of homeostatic (IL-15), inﬂammatory and immune modulating cytokines, chemokines (such as IP-10), and T cell effector proteins (B, 3C, and ). Some of these cytokines and markers, notably IL-15
	Figure 3
	-
	Fig
	-

	ures 3
	S3
	-

	DISCUSSION 
	To our knowledge, this is the ﬁrst multicenter study of anti-CD19 CAR T cell therapy in patients with NHL. Our results demonstrated that (1) the conditioning regimen of cyclophosphamide at 500 mg/m(days .5, .4, and .3) and ﬂudarabine at 30 mg/m(days .5, .4, and .3) followed by KTE-C19 (day 0) at a dose of 1–2 . 10CAR T cells/kg is safe for further study and the toxicity is manageable; 
	2 
	2 
	6 

	(2) a centralized, .8-day, closed manufacturing process of CAR T cells is feasible for a multicenter trial; and (3) therapy with 
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	Table 4. Characteristics of KTE-C19 Products 
	Patient No. 
	CAR T cells/kg . 10
	6 

	CD4 T cells (%) 
	CD8 T cells (%) 
	CD8/CD4 T cell ratio 
	IFN-g production in co-culture (pg/mL)
	a 
	a 


	Manufacturing time (days) 
	Manufacturing time (days) 
	1 

	2.0 
	18 
	82 
	4.6 
	20,930 
	8 
	8 
	2 

	2.0 
	73 
	27 
	0.4 
	8,589 
	8 
	8 
	3 

	2.0 
	30 
	70 
	2.3 
	3,356 
	8 
	8 
	4 

	1.1 
	34 
	66 
	1.9 
	7,598 
	8 
	5 
	5 
	5 
	6 
	7 

	2.0 
	2.0 
	1.9 
	1.2 

	51 
	51 
	30 
	68 

	49 
	49 
	70 
	32 

	1 
	1 
	2.3 
	0.5 

	6,948 
	6,948 
	2,278 
	816 

	8 
	8 
	9 
	8 


	Co-culture experiments were performed using Toledo cells mixed in a 1:1 ratio with KTE-C19 product cells. IFN-g was measured in cell culture media 24 hr post-incubation using a qualiﬁed ELISA. 
	a

	cryopreserved KTE-C19 product is associated with robust CAR T cell expansion and durable clinical responses that are similar to those observed with fresh anti-CD19 CAR T cell therapy in studies conducted at single institutions.The results of this phase 1 study led to the initiation of the pivotal ZUMA-1 phase 2 registration trial. 
	-
	14 
	14 


	The conditioning chemotherapy regimen doses utilized in ZUMA-1 were selected based on the results of the NCI clinical trial demonstrating that lower doses of chemotherapy afforded clinical efﬁcacy with an attenuated toxicity proﬁle versus higher doses of conditioning chemotherapy.Although the ﬂudarabine dose was comparable, the dose of cyclophosphamide utilized here is signiﬁcantly lower than that used in other trials of CAR T cell therapy.The lower doses of the conditioning chemotherapy with KTE-C19 were a
	-
	15 
	15 

	16–18 
	16–18 

	-

	Close examination of the patient who experienced a DLT was revealing. The patient experienced cyclical fevers prior to cell infusion on day 0 attributed to rapidly progressive bulky disease with B symptoms. Although blood cultures remained negative, the patient had mucositis with underlying active HSV-1 that was being treated through KTE-C19 infusion. Biomarker analysis of this patient revealed a baseline CRP of 655 mg/L (normal range, 0–10 mg/L) in conjunction with the elevation of other inﬂammatory marker
	Close examination of the patient who experienced a DLT was revealing. The patient experienced cyclical fevers prior to cell infusion on day 0 attributed to rapidly progressive bulky disease with B symptoms. Although blood cultures remained negative, the patient had mucositis with underlying active HSV-1 that was being treated through KTE-C19 infusion. Biomarker analysis of this patient revealed a baseline CRP of 655 mg/L (normal range, 0–10 mg/L) in conjunction with the elevation of other inﬂammatory marker
	-
	-
	Figures 3
	-

	trials for B cell malignancies.Consistent with the “on-target, off-tumor” effect of KTE-C19, B cell aplasia and hypogammaglobulinemia were observed in subjects with ongoing complete response and persistent CAR T cells at 12 months post-infusion. 
	19,20 
	19,20 

	-


	Despite the small numbers in this study, the overall and CR rates were high and durable relative to historical controls. Durable efﬁcacy of the KTE-C19 regimen was observed in patients with rigorously deﬁned chemotherapy refractory disease who had no viable treatment options. Rapid CRs were demonstrated after only 1 month of follow-up in only those four (57%) patients who relapsed after prior ASCT, and responses are ongoing at 12+ months in three of seven (43%) patients. In these three patients, the duratio
	-

	6.6 months with conventional therapies.Notably, responses in ZUMA-1 were observed without the use of any bridging chemotherapy: all patients proceeded directly from apheresis to conditioning chemotherapy and KTE-C19 infusion. 
	10 
	10 

	-
	-

	Comprehensive characterization of the apheresis product, KTE-C19, and blood/serum samples post-infusion provided insights into the possible mechanisms of efﬁcacy and toxicity observed in these patients. The closed, approximately 8-day, centralized manufacture of a cryopreserved product consistently yielded active CAR T cells in all patients, across a broad range irrespective of lymphocyte counts at time of enrollment (median, 900 lymphocytes/mL; range, 100– 1,400/mL). The product T cells showed a less diffe
	-
	Figure S2
	21–23 
	21–23 

	+ 
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	The low-dose cyclophosphamide and ﬂudarabine conditioning chemotherapy alone was capable of enhancing several homeostatic cytokines and chemokines, most notably IL-15, a critical T cell proliferative cytokine.Conditioning chemotherapy followed by KTE-C19 infusion resulted in a rapid and sequential induction, 
	24 
	24 
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	Figure
	elevation, and general clearance of an array of cytokines, chemokines, and immune effector proteins (C). More speciﬁcally, markers, including CRP, IL-6, TNF-a, IFN-g, and IL-15, increased with peak values occurring 2–3 days post-infusion, and typically resolved to baseline within the ﬁrst 28 days (). Levels of Granzyme B, a key effector of T cell-mediated cytotoxicity, peaked later, 3–7 days post-infusion, providing evidence of when immune-mediated tumor cell killing may occur. This sequence of events paral
	-
	Figure 3
	Figure S3
	-
	Figure 3

	The timing of the elevations and general clearance of these systemic cytokines, chemokines, and immune effectors are similar in timing to the onset and resolution of CRS and neurotoxicity. Although the etiology of CRS is better understood, the pathophysiology of neurotoxicity that manifests as toxic encephalopathy remains unclear. The neurotoxicity reported here has been observed across other anti-CD19 CAR T cell studies and with blinatumomab, a bispeciﬁc 
	-

	CD19.
	CD19.
	18,19,25–27

	T cell engager to Given that there is no direct evidence of CD19 expression in the CNS, two hypotheses that may not be mutually exclusive arise as the cause of neurotoxicity: either passive diffusion into the CNS of systemically generated cytokines; or activated CAR T cells migrating through the blood-brain barrier with subsequent local production of cytokines within the CNS.Regardless, the neurotoxicity is generally reversible resolving in a similar temporal fashion to the abatement of peak CAR T cell and 
	28,29 
	28,29 


	The agents effectively used for management of CRS and neurotoxicity, tocilizumab and/or systemic corticosteroids, did not appear to ablate CAR T cell expansion nor alter the CAR T cell-related elevation of cytokines, chemokines, and immune effector molecules. Importantly, durable responses were observed in patients who received tocilizumab and/or corticosteroids for toxicity management as well as those who did not. Overall, this analysis suggests the CAR T infusion in concert with chemotherapy conditioning 
	-
	-
	-

	Figure 2. Apheresis and Product Phenotype as Determined by Flow Cytometry Using CD45RA and CCR7 Cell Surface Markers 
	N, naive; CM, central memory; EM, effector memory; Eff, effector. The bars and boxes show the minimum, maximum, median, and interquartile range. 
	In conclusion, the results of this phase 1 portion of ZUMA-1, the ﬁrst multicenter study of antiCD19 CAR T cell therapy in aggressive NHL, demonstrated that the KTE-C19 regimen was tolerable and safe for further study. It also vali
	-
	-

	dated that centralized manufacturing is feasible 
	and established the logistics for transportation of patient-speciﬁc product door to door within approximately 2 weeks. More importantly, it showed that a single infusion of cryopreserved KTE-C19 cells could provide durable clinical responses in refractory DLBCL patients including those whose disease has failed to respond to ASCT. Together, these results fulﬁlled a prerequisite to broaden clinical applicability of this patient-speciﬁc adoptive T cell therapy and have led to the initiation of the pivotal mult
	-

	MATERIALS AND METHODS 
	Patient Population 
	The ZUMA-1 study is a phase 1/2, single-arm, open-label study evaluating the safety and efﬁcacy of anti-CD19 CAR T cells (KTE-C19) in patients with refractory aggressive NHL. Eligible patients must have had all of the following: (1) histologically conﬁrmed B cell NHL, including DLBCL not otherwise speciﬁed, primary mediastinal large B cell lymphoma, or transformed follicular lymphoma (TFL) as deﬁned by the World Health Organization 2008 criteria; (2) chemotherapy refractory disease (as deﬁned in the SCHOLAR
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	Figure 3. Kinetics of Peripheral Blood CAR T Cells and Serum Biomarkers 
	(A) PCR data demonstrates exponential expansion and persistence of CD19 CAR T cells in blood. Expansion occurs rapidly with peak levels achieved within the ﬁrst 7–14 days post-KTE-C19 infusion (note: patient 7 was not tested). Persisting CD19 CAR T cells were detectable in six of six (100%) patients at week 4 and in four of ﬁve (80%) patients with samples available for testing at month 3. Three patients with ongoing CR had detectable CAR T cells at 12 months. Limit of detection of the qPCR assay is 0.001% o
	.5
	Figure 3

	(legend continued on next page) 
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	echocardiogram. Key exclusion criteria included history of malignancy other than non-melanoma skin carcinoma in situ, ASCT within6 weeks of informed consent, history of allogeneic hematopoietic stem cell transplant, prior CD19-targeted therapy, and prior CAR T cell therapy (except KTE-C19). All patients provided written, informed consent. The Institutional Review Board/Independent Ethics Committee of each study site approved the protocol. This study was conducted in accordance with the principles of the Dec
	Phase 1 Study Design and Toxicity Evaluation 
	In the phase 1 portion of ZUMA-1, the primary endpoint was incidence of DLTs. The study began with cohort A1. Progression to phase 2 would occur if the patient incidence of DLT was less than or equal to one of six DLT-evaluable patients in cohort A1. Dose-limiting toxicities were deﬁned as KTE-C19-related events with onset within 30 days of infusion and included grade 4 neutropenia or thrombocytopenia lasting longer than 21 or 35 days, respectively; any KTE-C19related AE requiring intubation; all other grad
	-
	-
	-
	-
	-
	-

	The investigators were responsible for monitoring and reporting of all AEs through 3 months post-infusion. Adverse events were graded according to the NCI Common Terminology Criteria for Adverse Events (CTCAE), version 4.03. For CRS, a revised grading system created by Lee et al.was used. After 3 months, investigators monitored and reported on a targeted subset of AEs, including neurological and hematological AEs, infections, autoimmune disorders, and secondary malignancies for 24 months (or until disease p
	-
	13 
	13 

	-
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	30 
	30 

	+ 
	-

	Study Procedures and Treatment 
	Patients were enrolled following screening and conﬁrmation of eligibility and underwent leukapheresis within 5 days of enrollment to obtain peripheral blood mononuclear cells (PBMCs) to manufac
	Patients were enrolled following screening and conﬁrmation of eligibility and underwent leukapheresis within 5 days of enrollment to obtain peripheral blood mononuclear cells (PBMCs) to manufac
	-

	ture KTE-C19. Approximately 5 to 10 . 10mononuclear cells from 12 to 15 L of apheresis material were shipped overnight to the central cell processing facility and enriched for the T cell-containing PBMC fraction. T cells were then stimulated to expand with anti-CD3 and IL-2 and transduced with a retroviral vector containing the CAR gene construct.Following expansion, the ﬁnal KTE-C19 product was washed, cryopreserved, and tested for identity, potency, sterility, and adventitious agents. After meeting accept
	9 
	20 
	20 

	-
	31 
	31 



	Before receiving CAR T cell infusion, per cohort A1 parameters, patients received a non-myeloablative low-dose conditioning chemotherapy regimen of ﬂudarabine at 30 mg/m/day and cyclophosphamide at 500 mg/m/day on day .5, day .4, and day .3. On day 0, hospitalized patients received a single intravenous infusion of KTE-C19 at a target dose of 2 . 10CART cells/kg (minimum of 1 . 10CART cells/kg) and remained hospitalized to recovery through day 7 or until all KTE-C19-related non-hematological toxicities retur
	-
	2
	-
	2
	6 
	+ 
	6 
	+ 
	-

	Patients were followed in the post-treatment assessment period and returned to the clinic at week 2, week 4 (±3 days), month 2 (±1 week), and month 3 (±1 week). All patients completing the month 3 visit were followed in the long-term follow-up period for survival and disease status every 3 months (±2 weeks) through month 18, every 6 months (±1 month) between months 24 and 60; beginning with year 6 (month 72 ± 3 months), patients will return to the clinic once annually for up to 15 years. Patients achieving 
	-
	. 

	Biomarker Analysis 
	Multiparametric ﬂow cytometry was performed from apheresis through manufacturing, and ﬁnal product, with in vivo characterization until end of study. Biomarker analyses were performed on blood and tumor samples to evaluate predictive and pharmacodynamic markers for KTE-C19. The presence, expansion, and persistence of transduced anti-CD19 CART cells in the blood were monitored by PCR. Levels of 44 serum cytokines, chemokines, circulating angiogenic factors, immune effector molecules, and markers of macrophag
	-
	+ 
	-
	-

	Measurement of Serum Cytokines 
	Patient serum was harvested at the following time points: day .5 (prior to conditioning), day 0 (prior to KTE-C19 administration), 
	(T cell proliferation), CRP (marker of inﬂammation), granzyme B (evidence of effector function), and IP-10 (chemokine that promotes CAR T cell homing). Early induction of IL-15, CRP, and IP-10 was observed 1–3 days post-infusion and effector function occurred around days 3–7 for these patients. In contrast, patient 7 demonstrated a dysregulated proﬁle relative to the other six patients both at baseline (IL-15, CRP, and IP-10) and after KTE-C19 administration (all markers), indicative of an inﬂammatory state
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	every other day during hospitalization, day 14 and day 28. Serum samples were processed locally using standard serum separator tubes (BD Biosciences). Serum samples were held at .80C for subsequent analysis by Luminex (EMD Millipore) or Meso Scale Discovery (MSD). Prior to processing, serum samples were brieﬂy thawed on ice and aliquoted into 96-well U-bottom plates (BD Biosciences). Samples were analyzed using the following MSD kits: MSD V-PLEX Plus Angiogenesis Panel 1 (Human) Kit (bFGF, Flt-1/VEGFR-1, Pl
	-
	.
	-
	-
	-
	-
	-

	All MSD assays were read using a MESO QuickPlex SQ 120 and analysis was performed using DISCOVERY WORKBENCH 4.0 (MSD). Luminex assays were read using a Luminex 200 system, and analysis was performed using Bio-Plex Data Pro software (Bio-Rad). Analyte values were reported as picograms per milliliter of serum. 
	-

	Flow Cytometry Analysis of Product, Apheresis Material, and CAR T Cells after Co-culture with Target Cells 
	As part of standard release criteria, KTE-C19 products were evaluated by ﬂow cytometry for anti-CD19 CAR surface expression, percentage of CD4 and CD8 T cells, and also memory phenotypes (Naive, Tcm, Tem,, and Teff as deﬁned by CCR7 and CD45RA). Testing was performed by Progenitor Cell Therapy, using validated protocols. 
	-

	Cryopreserved apheresis samples were rapidly thawed in a 37C water bath, washed twice with calcium-free/magnesium-free PBS (VWR Scientiﬁc) by gentle centrifugation, and resuspended in FACS Stain Buffer (BD Biosciences). Sample viability and cell density were measured using a Vi-cell as described. Cell densities were adjusted to 1.0 . 10viable cells/mL in FACS stain buffer. Cells were aliquoted into 5-mL FACS tubes (BD Biosciences) at a ﬁnal density of 1.0 . 10viable cells/test. Cells were stained for 30 min
	.
	6 
	6 
	-

	Cells from co-cultures of CAR T cells and target cell lines CD19-K562 or NGFR-K562 were pooled for analysis by ﬂow cytometry. Sample viability and cell density were measured using a Vi-cell as previously described. Cell densities were adjusted to 1.0 . 10viable cells/mL. Cells were aliquoted into 5-mL polystyrene FACS tubes (BD Biosciences) at a density of 1.0 . 10viable cells. Staining was performed 
	Cells from co-cultures of CAR T cells and target cell lines CD19-K562 or NGFR-K562 were pooled for analysis by ﬂow cytometry. Sample viability and cell density were measured using a Vi-cell as previously described. Cell densities were adjusted to 1.0 . 10viable cells/mL. Cells were aliquoted into 5-mL polystyrene FACS tubes (BD Biosciences) at a density of 1.0 . 10viable cells. Staining was performed 
	6 
	-
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	for 30 min on wet ice with the following commercially available ﬂuorochrome-conjugated antibodies: (1) from BD Biosciences, PD1 phycoerytherin cyanine 7 (PE-Cy7) and CD57 Brilliant Violet 421 (BV421); (2) from BioLegend, CD3 (FITC), CCR7 (BV650), CD45RA (APC), CD4 (AF700), CD69 (BV510), CD137 (BV421), and CD107a (AF700); (3) from the Surgery Branch of the NCI, anti-CD19 CAR PE. All antibodies used in this study were titrated before use. 
	-
	-


	Prior to ﬂow-cytometric analysis, samples were stained with propidium iodide (BD Biosciences) to exclude dead and apoptotic cells. Flow cytometry was performed using a FACSCanto II (BD Biosciences). For phenotypic markers, data were reported as percent positive (% pos) relative to the appropriate ﬂuorescence minus one (FMO) control. For activation markers, data were reported relative to the CAR T cell products not subjected to co-culture. The analysis employed a cell-gating strategy that selected viable CD3
	-
	-
	+ 
	+ 
	+ 
	+ 
	-
	4 

	Measurement of Anti-CD19 CAR T Cell Presence, Expansion, and Persistence 
	A qPCR assay, previously described,was optimized and validated by the University of Rochester Medical Center Central Lab Services (URMC CLS) for monitoring of anti-CD19 CAR T cell expansion and persistence. Sensitivity of the optimized method is 0.001% or 1 . 10. Testing was performed by URMC CLS using cryopreserved PBMC at baseline, prior to conditioning chemotherapy and KTE-C19 administration, at days 7, 14, and 28, and months 3, 6, 9, and 12. 
	14,15,32 
	14,15,32 

	-
	.5

	Measurement of Anti-KTE-C19 Antibodies 
	Presence of anti-KTE-C19 antibodies were monitored by Intertek Laboratories using a qualiﬁed bridge ELISA designed to speciﬁcally detect anti-FMC63 antibodies in patient serum. Testing was performed at baseline, prior to conditioning chemotherapy and KTEC19 administration, and at months 1 and 3. 
	-
	-

	Conﬁrmatory Diagnosis of DLBCL in Archival Tumor Samples 
	Archived tumor tissue was collected for central pathology review at NeoGenomics Laboratories. 
	SUPPLEMENTAL INFORMATION 
	Supplemental Information includes Supplemental Materials and Methods, three ﬁgures, and two tables and can be found with this article online at . 
	http://dx.doi.org/10.1016/j.ymthe.2016.10.020

	Molecular Therapy Vol. 25 No 1 January 2017 293 
	Molecular Therapy Vol. 25 No 1 January 2017 293 
	Molecular Therapy 

	AUTHOR CONTRIBUTIONS 
	F.L.L. (Mofﬁtt Cancer Center) and S.S.N. (MD Anderson Cancer Center) participated in the study as investigators, reviewed and interpreted the data, and approved all drafts of the manuscript. F.L.L., S.S.N., N.L.B., T.S., J.C.C., C.M.H., A.G., L.E.B., A.B., J.M.R., Y.J., A.X.X., M.E., J.A., J.W., and W.Y.G. had access to and reviewed the study data, and carefully reviewed and approved all drafts of the manuscript including the ﬁnal version. 
	-

	CONFLICTS OF INTEREST 
	F.L.L. has served as a scientiﬁc advisory board attendee for Kite Pharma. S.S.N. has received research funding and honoraria from and served as a consultant and Scientiﬁc Board Member for Kite Pharma. N.L.B. served in a consultancy or advisory role for Gilead. 
	T.S. has served on speakers’ bureau for Pharmacyclics and Seattle Genetics and has received travel and lodging support from Kite Pharma. J.C.C., C.M.H., A.G., and L.E.B. declare no conﬂicts of interest. A.B., J.M.R., Y.J., A.X.X., M.E., J.A., J.W., and W.Y.G. are employed by and have equity ownership in Kite Pharma. 
	-

	ACKNOWLEDGMENTS 
	We thank the patients who participated in the study and their families, friends, and caregivers; the study staff and health care providers at City of Hope, Mofﬁtt Cancer Center, MD Anderson Cancer Center, and Washington University School of Medicine. Medical writing support was provided by Dustin Khiem (Kite Pharma) and Luana Atherly-Henderson (Nexus Global Group Science LLC) funded by Kite Pharma. This study was funded by Kite Pharma, which provided all the study materials, and in part by the Leukemia & Ly
	-
	-
	-
	-

	REFERENCES 
	1. 
	1. 
	1. 
	. 
	Chaganti, S., Illidge, T., Barrington, S., Mckay, P., Linton, K., Cwynarski, K., 
	McMillan, A., Davies, A., Stern, S., and Peggs, K.; British Committee for Standards 
	in Haematology (2016). Guidelines for the management of diffuse large B-cell lym
	-

	phoma. Br. J. Haematol. 174,43–56


	2. 
	2. 
	2. 
	Morton, L.M., Wang, S.S., Devesa, S.S., Hartge, P., Weisenburger, D.D., and Linet, 
	Morton, L.M., Wang, S.S., Devesa, S.S., Hartge, P., Weisenburger, D.D., and Linet, 


	M.S. . 
	(2006). Lymphoma incidence patterns by WHO subtype in the United States, 
	1992-2001. Blood 107, 265–276


	3. 
	3. 
	. 
	Sehn, L.H., and Gascoyne, R.D. (2015). Diffuse large B-cell lymphoma: optimizing 
	outcome in the context of clinical and biologic heterogeneity. Blood 125,22–32


	4. 
	4. 
	. 
	Crump, M., Kuruvilla, J., Couban, S., MacDonald, D.A., Kukreti, V., Kouroukis, C.T., 
	Rubinger, M., Buckstein, R., Imrie, K.R., Federico, M., et al. (2014). Randomized com
	-

	parison of gemcitabine, dexamethasone, and cisplatin versus dexamethasone, cytar
	-

	abine, and cisplatin chemotherapy before autologous stem-cell transplantation for 
	relapsed and refractory aggressive lymphomas: NCIC-CTG LY.12. J. Clin. Oncol. 
	32, 3490–3496


	5. 
	5. 
	. 
	Matasar, M.J., Czuczman, M.S., Rodriguez, M.A., Fennessy, M., Shea, T.C., Spitzer, 
	G., Lossos, I.S., Kharfan-Dabaja, M.A., Joyce, R., Fayad, L., et al. (2013). 
	Ofatumumab in combination with ICE or DHAP chemotherapy in relapsed or refrac
	-

	tory intermediate grade B-cell lymphoma. Blood 122, 499–506


	6. 
	6. 
	Gisselbrecht, C., Glass, B., Mounier, N., Singh Gill, D., Linch, D.C., Trneny, M., Bosly, 
	Gisselbrecht, C., Glass, B., Mounier, N., Singh Gill, D., Linch, D.C., Trneny, M., Bosly, 
	A., Ketterer, N., Shpilberg, O., Hagberg, H., et al. (2010). Salvage regimens with autol
	-




	. 
	ogous transplantation for relapsed large B-cell lymphoma in the rituximab era. J. Clin. 
	Oncol. 28, 4184–4190

	7. 
	Nagle, S.J., Woo, K., Schuster, S.J., Nasta, S.D., Stadtmauer, E., Mick, R., and Svoboda, 

	J. . 
	(2013). Outcomes of patients with relapsed/refractory diffuse large B-cell lym
	-

	phoma with progression of lymphoma after autologous stem cell transplantation in 
	the rituximab era. Am. J. Hematol. 88, 890–894

	8. 
	8. 
	8. 
	. 
	Seshadri, T., Stakiw, J., Pintilie, M., Keating, A., Crump, M., and Kuruvilla, J. (2008). 
	Utility of subsequent conventional dose chemotherapy in relapsed/refractory trans
	-

	plant-eligible patients with diffuse large B-cell lymphoma failing platinum-based 
	salvage chemotherapy. Hematology 13, 261–266


	9. 
	9. 
	. 
	Telio, D., Fernandes, K., Ma, C., Tsang, R., Keating, A., Crump, M., and Kuruvilla, J. 
	(2012). Salvage chemotherapy and autologous stem cell transplant in primary refrac
	-

	tory diffuse large B-cell lymphoma: outcomes and prognostic factors. Leuk. 
	Lymphoma 53, 836–841


	10. 
	10. 
	. 
	Crump, M., Neelapu, S.S., Farooq, U., Van Den Neste, E., Kuruvilla, J., Ahmed, M.A., 
	Link, B.K., Hay, A.E., Cerhan, J.R., Zhu, L., et al. (2016). Outcomes in refractory 
	aggressive diffuse large B-cell lymphoma (DLBCL): results from the international 
	SCHOLAR-1 study. J. Clin. Oncol. 34, abstr 7516


	11. 
	11. 
	. 
	Kochenderfer, J., Somerville, R., Lu, T., Shi, V., Yang, J.C., Sherry, R., Klebanoff, C., 
	Kammula, U.S., Goff, S.L., Bot, A., et al. (2016). Anti-CD19 chimeric antigen receptor 
	T cells preceded by low-dose chemotherapy to induce remissions of advanced lym
	-

	phoma. J. Clin. Oncol. 34, abstr LBA3010


	12. 
	12. 
	. 
	Hans, C.P., Weisenburger, D.D., Greiner, T.C., Gascoyne, R.D., Delabie, J., Ott, G., 
	Mler-Hermelink, H.K., Campo, E., Braziel, R.M., Jaffe, E.S., et al. (2004). 
	Conﬁrmation of the molecular classiﬁcation of diffuse large B-cell lymphoma by 
	immunohistochemistry using a tissue microarray. Blood 103, 275–282


	13. 
	13. 
	. 
	Lee, D.W., Gardner, R., Porter, D.L., Louis, C.U., Ahmed, N., Jensen, M., Grupp, S.A., 
	and Mackall, C.L. (2014). Current concepts in the diagnosis and management of cyto
	-

	kine release syndrome. Blood 124, 188–195


	14. 
	14. 
	. 
	Kochenderfer, J.N., Dudley, M.E., Kassim, S.H., Somerville, R.P., Carpenter, R.O., 
	Stetler-Stevenson, M., Yang, J.C., Phan, G.Q., Hughes, M.S., Sherry, R.M., et al. 
	(2015). Chemotherapy-refractory diffuse large B-cell lymphoma and indolent 
	B-cell malignancies can be effectively treated with autologous T cells expressing an 
	anti-CD19 chimeric antigen receptor. J. Clin. Oncol. 33, 540–549


	15. 
	15. 
	. 
	Kochenderfer, J.N., Dudley, M.E., Feldman, S.A., Wilson, W.H., Spaner, D.E., Maric, 
	I., Stetler-Stevenson, M., Phan, G.Q., Hughes, M.S., Sherry, R.M., et al. (2012). B-cell 
	depletion and remissions of malignancy along with cytokine-associated toxicity in a 
	clinical trial of anti-CD19 chimeric-antigen-receptor-transduced T cells. Blood 119, 
	2709–2720


	16. 
	16. 
	. 
	Brentjens, R.J., Davila, M.L., Riviere, I., Park, J., Wang, X., Cowell, L.G., Bartido, S., 
	Stefanski, J., Taylor, C., Olszewska, M., et al. (2013). CD19-targeted T cells rapidly 
	induce molecular remissions in adults with chemotherapy-refractory acute lympho
	-

	blastic leukemia. Sci. Transl. Med. 5, 177ra38


	17. 
	17. 
	. 
	Porter, D.L., Levine, B.L., Kalos, M., Bagg, A., and June, C.H. (2011). Chimeric anti
	-

	gen receptor-modiﬁed T cells in chronic lymphoid leukemia. N. Engl. J. Med. 365, 
	725–733


	18. 
	18. 
	18. 
	Turtle, C.J., Hanaﬁ, L.A., Berger, C., Gooley, T.A., Cherian, S., Hudecek, M., 
	Turtle, C.J., Hanaﬁ, L.A., Berger, C., Gooley, T.A., Cherian, S., Hudecek, M., 
	Sommermeyer, D., Melville, K., Pender, B., Budiarto, T.M., et al. (2016). CD19 
	CAR-T cells of deﬁned CD4
	+

	:CD8
	+ 
	composition in adult B cell ALL patients. 


	J. Clin. Invest. 126, 2123–2138. 
	J. Clin. Invest. 126, 2123–2138. 


	19. 
	19. 
	. 
	Davila, M.L., Riviere, I., Wang, X., Bartido, S., Park, J., Curran, K., Chung, S.S., 
	Stefanski, J., Borquez-Ojeda, O., Olszewska, M., et al. (2014). Efﬁcacy and toxicity 
	management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. 
	Sci. Transl. Med. 6, 224ra25


	20. 
	20. 
	. 
	Kochenderfer, J.N., Feldman, S.A., Zhao, Y., Xu, H., Black, M.A., Morgan, R.A., 
	Wilson, W.H., and Rosenberg, S.A. (2009). Construction and preclinical evaluation 
	of an anti-CD19 chimeric antigen receptor. J. Immunother. 32, 689–702


	21. 
	21. 
	. 
	Klebanoff, C.A., Gattinoni, L., Torabi-Parizi, P., Kerstann, K., Cardones, A.R., 
	Finkelstein, S.E., Palmer, D.C., Antony, P.A., Hwang, S.T., Rosenberg, S.A., et al. 
	(2005). Central memory self/tumor-reactive CD8
	+ 
	T cells confer superior antitumor 
	immunity compared with effector memory T cells. Proc. Natl. Acad. Sci. USA 102, 
	9571–9576



	294 Molecular Therapy Vol. 25 No 1 January 2017 
	294 Molecular Therapy Vol. 25 No 1 January 2017 
	www.moleculartherapy.org 
	www.moleculartherapy.org 


	22. 
	22. 
	22. 
	. 
	Sallusto, F., Lenig, D., Fster, R., Lipp, M., and Lanzavecchia, A. (1999). Two subsets 
	of memory T lymphocytes with distinct homing potentials and effector functions. 
	Nature 401, 708–712


	23. 
	23. 
	. 
	Sommermeyer, D., Hudecek, M., Kosasih, P.L., Gogishvili, T., Maloney, D.G., Turtle, 
	C.J., and Riddell, S.R. (2016). Chimeric antigen receptor-modiﬁed T cells derived 
	from deﬁned CD8
	+ 

	and CD4
	+ 
	subsets confer superior antitumor reactivity in vivo. 
	Leukemia 30, 492–500


	24. 
	24. 
	. 
	Steel, J.C., Waldmann, T.A., and Morris, J.C. (2012). Interleukin-15 biology and its 
	therapeutic implications in cancer. Trends Pharmacol. Sci. 33,35–41


	25. 
	25. 
	. 
	Maude, S.L., Frey, N., Shaw, P.A., Aplenc, R., Barrett, D.M., Bunin, N.J., Chew, A., 
	Gonzalez, V.E., Zheng, Z., Lacey, S.F., et al. (2014). Chimeric antigen receptor 
	T cells for sustained remissions in leukemia. N. Engl. J. Med. 371, 1507–1517


	26. 
	26. 
	. 
	Topp, M.S., Gbuget, N., Stein, A.S., Zugmaier, G., O’Brien, S., Bargou, R.C., 
	Dombret, H., Fielding, A.K., Heffner, L., Larson, R.A., et al. (2015). Safety and activity 
	of blinatumomab for adult patients with relapsed or refractory B-precursor acute 
	lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 
	16,57–66


	27. 
	27. 
	Topp, M.S., Gbuget, N., Zugmaier, G., Klappers, P., Stelljes, M., Neumann, S., 
	Topp, M.S., Gbuget, N., Zugmaier, G., Klappers, P., Stelljes, M., Neumann, S., 
	Viardot, A., Marks, R., Diedrich, H., Faul, C., et al. (2014). Phase II trial of the 
	anti-CD19 bispeciﬁc T cell-engager blinatumomab shows hematologic and molecular 



	. 
	remissions in patients with relapsed or refractory B-precursor acute lymphoblastic 
	leukemia. J. Clin. Oncol. 32, 4134–4140

	28. 
	28. 
	28. 
	. 
	Brudno, J.N., and Kochenderfer, J.N. (2016). Toxicities of chimeric antigen receptor 
	T cells: recognition and management. Blood 127, 3321–3330


	29. 
	29. 
	. 
	Namuduri, M., and Brentjens, R.J. (2016). Medical management of side effects 
	related to CAR T cell therapy in hematologic malignancies. Expert Rev. Hematol. 
	9, 511–513


	30. 
	30. 
	. 
	Cheson, B.D., Pﬁstner, B., Juweid, M.E., Gascoyne, R.D., Specht, L., Horning, S.J., 
	Coifﬁer, B., Fisher, R.I., Hagenbeek, A., Zucca, E., et al.; International 
	Harmonization Project on Lymphoma (2007). Revised response criteria for malig
	-

	nant lymphoma. J. Clin. Oncol. 25, 579–586


	31. 
	31. 
	31. 
	Better, M., Pugach, O., Lu, L., Somerville, R., Kassim, S., Kochenderfer, J., Rosenberg, 
	Better, M., Pugach, O., Lu, L., Somerville, R., Kassim, S., Kochenderfer, J., Rosenberg, 
	S.A., Marshall, M.A., Bot, A., Nolop, K.B., et al. (2014). Rapid cell expansion (RACE) 
	technology for production of engineered autologous T cell therapy: path toward 
	manageable multi-center clinical trials in aggressive NHL with anti-CD19 CAR. 


	J. Clin. Oncol. 32 (Suppl ), abstr 3079. 
	J. Clin. Oncol. 32 (Suppl ), abstr 3079. 


	32. 
	32. 
	. 
	Kochenderfer, J.N., Dudley, M.E., Carpenter, R.O., Kassim, S.H., Rose, J.J., Telford, 
	W.G., Hakim, F.T., Halverson, D.C., Fowler, D.H., Hardy, N.M., et al. (2013). 
	Donor-derived CD19-targeted T cells cause regression of malignancy persisting after 
	allogeneic hematopoietic stem cell transplantation. Blood 122, 4129–4139



	Molecular Therapy Vol. 25 No 1 January 2017 295 
	JOURNAL OF CLINICAL ONCOLOGY 
	ORIGINAL REPORT 
	Author afﬁliations and support information (if applicable) appear at the end of this article. 
	Published at on March 14, 2017. 
	jco.org 

	Clinical trial information: NCT00924326. 
	Corresponding author: James N. Kochenderfer, MD, Experimental Transplantation and Immunology Branch, National Cancer Institute, National Institutes of Health, Bldg. 10, Room 33330, Bethesda, MD 20892; e-mail: 
	-
	kochendj@mail.nih.gov 

	© 2017 by American Society of Clinical Oncology 
	0732-183X/17/3599-1/$20.00 
	0732-183X/17/3599-1/$20.00 

	ASSOCIATED CONTENT 
	Data Supplement 
	Figure
	DOI: 10.1200/JCO.2016.71.3024 
	DOI: 10.1200/JCO.2016.71.3024 

	Lymphoma Remissions Caused by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated With High Serum Interleukin-15 Levels 
	James N. Kochenderfer, Robert P.T. Somerville, Tangying Lu, Victoria Shi, Adrian Bot, John Rossi, Allen Xue, Stephanie L. Goff, James C. Yang, Richard M. Sherry, Christopher A. Klebanoff, Udai S. Kammula, Marika Sherman, Arianne Perez, Constance M. Yuan, Tatyana Feldman, Jonathan W. Friedberg, Mark J. Roschewski, Steven A. Feldman, Lori McIntyre, Mary Ann Toomey, and Steven A. Rosenberg 
	ABSTRACT 
	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 
	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 CARcell level of 98/mL and those who did not achieve a remission had a median peak blood CARcell level 
	+ 
	+ 
	+ 

	Conclusion 
	CAR-19 T cells preceded by low-dose chemotherapy induced remission of advanced-stage lymphoma, 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. 
	-
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	than ALL,but compared with ALL, fewer cases 
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	of effective treatment of lymphoma with CAR-19 Chimeric antigen receptors (CARs) are artiﬁcial T cells have been published.Diffuse large proteins that incorporate an antigen recognition B-cell lymphoma (DLBCL) that is either refractory domain and T-cell signaling domains.T cells to chemotherapyor relapsed after autolgenetically modiﬁed to express a CAR recognize ogous stem-cell transplantation (ASCT)car-and kill malignant cells expressing the antigen ries a grim prognosis. New therapies are needed for targe
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	toxicities. These toxicities are thought to be caused by cytokines directly released by CAR T cells or released by other cells in response to cytokines produced by CAR T cells.
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	Recipient leukocyte depletion by radiation therapy or chemotherapy enhanced the antitumor activity of adoptively transferred T cells in multiple murine models,and most clinical trials of adoptive T-cell therapy include chemotherapy before T-cell infusions.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).IL-15 is a glycoproteininthe 4-a-helix bundle family of cytokin
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	We previously treated B-cell malignancies with CAR-19 T cells preceded by treatment with ﬂudarabine and high-dose cyclophosphamide.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.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 
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	PATIENTS AND METHODS 
	Clinical Trial and Patient Information 
	All enrolled patients gave informed consent. The protocol was approved 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 CAR used 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.Anti-CD19 CAR T 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 t
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	Anti-CD19 CAR Treatment Plan 
	A ﬂudarabine and cyclophosphamide chemotherapy regimenwas administered before CAR-19 T-cell infusions to enhance the activity of adoptively transferred T cells.Both chemotherapy agents were given intravenously once per day for 3 days on the same days (). Treatment responses were deﬁnedaccordingtostandardinternational criteria.
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	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 (). Eleven of 19 patients with DLBCL had chemotherapy-refractory lymphoma. Five other patients with DLBCL had lymphoma that had relapsed 10 months or less after ASCT as their last treatment prior to protocol enrollment. Eleven patients with DLBCL were high risk by second-line, age-adjusted International Prognostic Index.The median number of unique lymphoma
	Table 1
	-
	-
	39 
	39 


	Chemotherapy Regimen Depleted Lymphocytes and Modulated Multiple Serum Proteins 
	The chemotherapy depleted recipient lymphocytes (; 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 (). Serum perforin decreased after chemotherapy administration. 
	Fig 1B
	Figure 1C

	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 CD3cells expressed CAR-19. A median of 43.4% of CD3CARcells expressed CD4 (range, 1.9% to 82.1%), and 54% of CD3CARcells 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 (). Na¨ve and central memory T cells have greater proliferative capacity than effector memory and effector memory-RAT cells
	+
	+ 
	+
	+ 
	+
	+ 
	Fig 1D
	40 
	40 

	-
	40 
	40 

	Fig 1E-H

	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 (). Twelve of 22 patients achieved CRs, 11 of 12 CRs are ongoing, and the current median duration of all CRs is 12.5 months (). No patient with an ongoing remission received any further anti-lymphoma therapy after CAR T-cell 
	Fig 2A
	Table 1
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	Figure
	Table 1. Patient Characteristics 
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	2 3 106 
	SD 
	2 

	30 
	30 
	29 
	PMBCLg 
	Chemotherapy-refractory 
	3 
	Low 
	2 3 106 
	SD 
	3 

	31 
	31 
	65 
	DLBCL, 
	Relapse after ASCT 
	5 
	Intermediate 
	2 3 106 
	CR 
	18+ 

	TR
	transformed 

	TR
	from follicular 

	32 
	32 
	40 
	PMBCL 
	Chemotherapy-refractory 
	2 
	Intermediate 
	6 3 106 
	PD 
	NA 

	33 
	33 
	67 
	DLBCL, 
	Neither 
	3 
	High 
	2 3 106 
	CR 
	15+ 

	TR
	transformed 

	TR
	from CLL 

	34h 
	34h 
	50 
	Mantle cell 
	Neither 
	1 
	NA 
	2 3 106 
	CR 
	17+ 

	35h 
	35h 
	53 
	DLBCL, NOS 
	Chemotherapy-refractory 
	4 
	Intermediate 
	2 3 106 
	CR 
	13+ 

	36h 
	36h 
	66 
	Follicular 
	Relapse after ASCT 
	3 
	NA 
	2 3 106 
	CR 
	11+ 

	37h 
	37h 
	51 
	DLBCL, NOS 
	Relapse after ASCT 
	3 
	Intermediate 
	2 3 106 
	CR 
	12+ 

	38 
	38 
	51 
	DLBCL, NOS 
	Chemotherapy-refractory 
	5 
	High 
	2 3 106 
	CR 
	13+ 

	39 
	39 
	62 
	DLBCL, NOS 
	Relapse after ASCT 
	6 
	Intermediate 
	2 3 106 
	CR 
	12+ 

	40 
	40 
	39 
	DLBCL, NOS 
	Chemotherapy-refractory 
	4 
	High 
	2 3 106 
	PR 
	3i 

	41 
	41 
	67 
	DLBCL, NOS 
	Neither 
	4 
	Intermediate 
	2 3 106 
	CR 
	7+ 

	42 
	42 
	64 
	DLBCL, NOS 
	Chemotherapy-refractory 
	4 
	High 
	2 3 106 
	CR 
	11+ 

	43 
	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 lymphoma was 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 
	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.Patient 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 immun
	f

	gPMBCL is a type of DLBCL. 
	hThese patients received cyclophosphamide at 500 mg/m; all other patients received 300 mg/m. 
	2
	2

	iPatient 40 proceeded to allogeneic hematopoietic stem-cell transplantation while in PR. 
	Figure
	Figure
	provided in the Data Supplement. shows two examples of positron emission tomography/computed tomography scans from patients who achieved CR of chemotherapy-refractory DLBCL. 
	Figure 2C-D 

	Toxicities of CAR-19 T Cells Preceded by Low-Dose Chemotherapy 
	All toxicities greater than grade 1 are listed in .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 
	All toxicities greater than grade 1 are listed in .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 
	Table 2

	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 immunosuppres
	-


	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 
	© 2017 by American Society of Clinical Oncology 
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	Figure
	Table 2. All Grade 2, 3, and 4 Adverse Events in the First Month After Anti-CD19 CAR T-Cell Infusion 
	Adverse Events 
	Patient No. Grade 2 Grade 3 Grade 4* 
	Figure
	22 23† 24 25 26 27‡ 28 29 
	30 31 32 33 
	34 
	35 36 
	37 38 39 
	40 
	41 
	42 
	43 
	43 
	None 

	Fever 
	Dysphasia 
	None 
	Sensory neuropathy (numbness) Fever 
	Fever 
	Ataxia, motor neuropathy (gait disturbance), dysphasia, tremor, fever 
	Fever Dysphasia, fever, hypotension Fever, dyspnea, hypoxia Fever, sinus tachycardia 
	Sinus tachycardia, hypoxia, sensory neuropathy (numbness), pain (headache) 
	Laryngeal nerve dysfunction, atrial ﬁbrillation Hypotension 
	Motor neuropathy (gait disturbance) Tremor 
	Dysphasia None 
	Tremor 
	None 
	Dysphasia, psychosis (hallucinations/delusions) 
	Platelets, neutrophils, and hemoglobin decreased, febrile neutropenia, hypotension 
	Febrile neutropenia, encephalopathy, neutrophils decreased 
	Hemoglobin decreased, febrile neutropenia 
	Leukocytes and neutrophils decreased, hyponatremia 
	Hyponatremia 
	ALT and AST increased, leukocytes and neutrophils decreased§ 
	Hemoglobin decreased, febrile neutropenia, partial thromboplastin time increased 
	Neutrophils and hemoglobin decreased 
	Neutrophils decreased 
	Syncope 
	Hemoglobin decreased 
	ALT, AST, and bilirubin increased, hemoglobin and neutrophils decreased, confusion 
	Fever, ataxia, agitation, motor neuropathy (gait disturbance, arm weakness), dysphasia, tremor 
	Hemoglobin and platelets decreased, fever, confusion, dysphagia 
	Febrile neutropenia, confusion, somnolence, dysphasia, hemoglobin decreased, cardiac left ventricular systolic dysfunction, urinary tract infection 
	Febrile neutropenia, somnolence, confusion, psychosis (hallucinations/delusions) 
	Hemoglobin decreased, fever, confusion, febrile neutropenia, somnolence 
	Hemoglobin decreased, febrile neutropenia 
	Fever, hemoglobin and neutrophils decreased, 
	somnolence, seizure, psychosis 
	(hallucinations/delusions) 
	Febrile neutropenia, neutrophils and hemoglobin decreased, somnolence, confusion, urinary incontinence, generalized muscle weakness, motor neuropathy (gait disturbance), dysphasia, dysphagia, urinary tract infection 
	Hemoglobin decreased, cognitive disturbance, febrile neutropenia, agitation, dysphasia, catheter-related infection, somnolence 
	Hemoglobin and neutrophils decreased, febrile neutropenia, 
	Leukocytes decreased None Neutrophils and leukocytes 
	decreased None Neutrophils and leukocytes decreased None Neutrophils decreased None 
	None None Confusion Dysphasia 
	Confusion 
	Hypotension, neutrophils decreased, dysphasia Platelets and neutrophils decreased, dysphasia, dyspnea, hypoxia 
	Neutrophils and hemoglobin decreased, dysphasia, Neutrophils decreased, dysphasia 
	Neutrophils decreased Hypotension, dysphasia, supraventricular tachycardia 
	Cognitive disturbance 
	Hypotension, platelets, and neutrophils decreased 
	None 
	Abbreviation: CAR, chimeric antigen receptor. 
	*All grade 2, 3, and 4 adverse events within 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 developed myelodysplastic syndrome (MDS) 20 months after CAR T-cell infusion. The CAR gene was not detectable in the bone marrow 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. 
	Figure
	Figure
	thetimeofprotocolenrollment. Themedian blood B-cell countatenrollmentwas 1/mL(range, 0to123/mL). Only patient 23 had a normal pretreatment B-cell count. Six patients 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 CARCells Were Present in Patients With Lymphoma Remission 
	+ 

	The number of blood CARcells peaked at a median of 
	+ 

	8.5 days (range, 6 to 35 days) after infusion (). CARcell numbers dropped rapidly after peaking. Blood CARcell numbers decreased to 0 or 1/mL by 3 months after infusion in all patients. Peak blood CARcell numbers were higher in patients who 
	Fig 3A-B
	+ 
	+ 
	+ 
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	achieved lymphoma responses of CR or PR compared with those who achieved SD or progressive disease (). There was no statistically signiﬁcant difference in the peak number of blood CART cells in patients who received infusions of CAR-19 T cells at 1 3 10/kg versus 2 3 10/kg. CART cells collected from the blood of patients after infusion primarily had phenotypes of effector memory or effector memory-RA T cells (); in comparison, CAR-19 T cells at the time of infusion included more T cells with phenotypes of n
	Fig 3A-C
	+ 
	6
	6
	+ 
	Fig 3D
	Fig 1D

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

	The low-dose chemotherapy conditioning regimen administered before CAR-19 T-cell infusions caused an increase in serum IL-15 (). Because IL-15 is known to induce T-cell proliferation,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 an
	-
	Fig 1C
	-
	32
	34 

	+ 
	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 ). On the day of CAR T-cell infusion, the median serum IL-15 leve
	(Fig 3F-I

	IL-10 is a cytokine that is known to have immunosuppressive properties; however, IL-10 can also promote T-cell antitumor activity.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 (). 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. 
	43
	43

	,
	44
	45 

	Fig 3J-L

	Grade 3 and 4 Neurologic Toxicities Were Associated With High Blood CARCell 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 CARcells compared with patients who had only , grade 3 neurologic toxicities (). 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 
	+ 
	Fig 4A
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	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 (; Data Supplement). 
	Fig 4B

	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 (). 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 neurologic toxicities (). 
	Fig 4C-E
	-
	Fig 4F-G

	DISCUSSION 
	An infusion of CAR-19 T cells preceded by a low-dose conditioning chemotherapy regimen of cyclophosphamide and ﬂudarabine 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 because of the documented resistance of these lymphomas to antilymphoma chemotherapy regimens (Data Supplement). Importantly, our CAR T-cell production process was simple and robust. No patient failed to receive treatment b
	-
	-
	-
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	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.We did not administer chemotherapy before infusions of the allogeneic CAR19 T cells. We administered allogeneic CARTcells at up to 
	,
	36
	46 

	-
	-
	+ 

	8.2 3 10/kg with acceptable levels of toxicity.In stark contrast to this report of patients treated with autologous CAR-19 T cells at 1 to 2 3 10/kg, neurologic toxicity in the trial of allogeneic anti-CD19 CAR T cells without chemotherapy was rare and mild.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 
	6
	46 
	46 
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	46
	46

	rates.
	We compared hematologic toxicities in patients who received 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 ﬂudarabine of 125 mg/m.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). Themedian
	-
	-
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	21 
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	antimalignancy activity should be considered to formally assess the role of IL-15 in T-cell therapy.It must be kept in mind that IL-15 might worsen toxicity in clinical trials combining CAR T cells and IL-15. 
	32
	32
	,33 


	We undertook experiments to better understand the important problem of neurologic toxicity with CAR-19 T-cell therapies.Neurologic toxicity was closely associated with high peak blood CARcell 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 (). High granzyme B levels were associated with grade 3 or 4 neurologic toxicity but not with a remission of lymphom
	-
	,-,
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	Fig 4C-E
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	Patients with DLBCL that is refractory to chemotherapy or relapsed less than 12 months after ASCT generally survive less than 9 months.Our results from treating advanced-stage 
	Patients with DLBCL that is refractory to chemotherapy or relapsed less than 12 months after ASCT generally survive less than 9 months.Our results from treating advanced-stage 
	,-
	23
	25
	27 


	lymphoma with CAR-19 T cells compare favorably to established treatment regimens.Induction of CRs in patients with large masses of chemotherapy-refractory lymphoma is especially notable (). Our results should encourage further research aimed at developing CAR T-cell therapies with less toxicity and higher remission rates. 
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	ABSTRACT 
	BACKGROUND 
	In a single-center phase 1–2a study, the anti-CD19 chimeric antigen receptor (CAR) T-cell therapy tisagenlecleucel produced high rates of complete remission and was associated with serious but mainly reversible toxic effects in children and young adults with relapsed or refractory B-cell acute lymphoblastic leukemia (ALL). 
	METHODS 
	We conducted a phase 2, single-cohort, 25-center, global study of tisagenlecleucel in pediatric and young adult patients with CD19+ relapsed or refractory B-cell ALL. The primary end point was the overall remission rate (the rate of complete remission or complete remission with incomplete hematologic recovery) within 3 months. 
	RESULTS 
	For this planned analysis, 75 patients received an infusion of tisagenlecleucel and could be evaluated for efficacy. The overall remission rate within 3 months was 81%, with all patients who had a response to treatment found to be negative for minimal residual disease, as assessed by means of flow cytometry. The rates of event-free survival and overall survival were 73% (95% confidence interval [CI], 60to 82) and 90% (95% CI, 81 to 95), respectively, at 6 months and 50% (95% CI, 35 to 64) and 76% (95% CI, 6
	-

	CONCLUSIONS 
	In this global study of CAR T-cell therapy, a single infusion of tisagenlecleucel provided durable remission with long-term persistence in pediatric and young adult patients with relapsed or refractory B-cell ALL, with transient high-grade toxic effects. (Funded by Novartis Pharmaceuticals;  number, NCT02435849.) 
	ClinicalTrials.gov

	The authors’ full names, academic degrees, and affiliations are listed in the Appendix. Address reprint requests to Dr. Maude at 3012 Colket Translational Research Bldg., 3501 Civic Center Blvd., Philadelphia, PA 19104, or at maude@ . 
	-
	email.chop.edu

	Drs. Pulsipher and Grupp contributed equally to this article. 
	NEnglJMed2018;378:439-48. DOI: 10.1056/NEJMoa1709866 
	Copyright © 2018 Massachusetts Medical Society. 
	n engl j med 378;5 February 1, 2018 
	nejm.org 

	isagenlecleucel (formerly CTL019), 
	T

	an anti-CD19 chimeric antigen receptor 
	(CAR) T-cell therapy, is under investigation in patients with relapsed or refractory B-cell cancers, including B-cell acute lymphoblastic leukemia (ALL). Results from a single-center phase 1–2a study of tisagenlecleucel involving 60 children and young adults with relapsed or refractory B-cell ALL that was conducted at the Children’s Hospital of Philadelphia and the University of Pennsylvania showed a rate of complete remission of 93%. The cytokine release syndrome, a common adverse event associated with CAR
	-
	-
	1
	-
	1 
	-
	1,2 

	On the basis of these results, a phase 2 pivotal, multisite study of tisagenlecleucel was initiated. In this nonrandomized study of CAR T-cell therapy, we used a global supply chain and included 25 study sites in 11 countries across North America, Europe, Asia, and Australia. Here we report the results of a planned analysis of data from the study, including analyses of the efficacy, safety, and cellular kinetics of tisagenlecleucelin 75 patients with at least 3 months of follow-up. 
	-
	-

	Methods 
	StudyDesign 
	We conducted a single-cohort, phase 2, multi-center, global study of tisagenlecleucel in children and young adults with relapsed or refractory B-cell ALL. To be eligible for participation in the study, patients had to be at least 3 years of age at screening and no older than 21 years of age at diagnosis and to have at least 5% lymphoblasts in bone marrow at screening. Patients who had previously received anti-CD19 therapy were excluded (see the Methods section of the Supplementary Appendix, available with t
	-
	-
	-
	NEJM.org

	Tisagenlecleucel was generated ex vivo with the use of autologous T cells transduced with a lentiviral vector to express a CAR containing a CD3-zeta domain to provide a T-cell activation signal and a 4-1BB (CD137) domain to provide a costimulatory signal.
	3 

	The study was sponsored and designed by Novartis Pharmaceuticals and was approved by the institutional review board at each participating institution. Patients or their guardians provided written informed consent or assent. Data were analyzed and interpreted by the sponsor in collaboration with the authors, and all the authors reviewed the manuscript and vouch for accuracy and completeness of the data and analyses and for adherence of the study to the protocol, available at first draft of the manuscript in 
	-
	-
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	NEJM.org. The first author wrote the 
	-
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	EndPoints 
	The primary end point was an overall remission rate higher than 20% (the null hypothesis). The overall remission rate was defined as the rate of a best overall response of either complete remission or complete remission with incomplete hematologic recovery within 3 months, as assessed by an independent review committee on the basis of the results of laboratory testing of blood, bone marrow, and cerebrospinal fluid (CSF), as well as physical examination. Responses were required to be maintained for at least 
	-
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	-
	-
	-
	-
	-
	-

	Statistical Analysis 
	The primary end point was evaluated in the full analysis set. We determined that a sample of 76 patients receiving a tisagenlecleucel infusion would provide more than 95% power to reject 
	n engl j med 378;5 February 1, 2018 
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	the null hypothesis of an overall remission rate of 20% against the alternative hypothesis of an overall remission rate of 45% or higher at an overall one-sided significance level of 2.5%. 
	An interim analysis was planned after the first 50 patients who received a tisagenlecleucel infusion had completed 3 months of follow-up or discontinued participation in the study. The results with regard to the primary end point were considered to be significant in the interim analysis if the one-sided P value was lower than 0.0057. Key secondary end points were tested sequentially (after the primary end point was significant) to control the overall alpha. 
	The results with regard to overall remission rate, response duration, event-free survival, overall survival, cellular kinetics, and safety that are presented in this report are from an updated analysis that included 75 patients who received tisagenlecleucel and had completed 3 months of follow-up or discontinued the study at an earlier point. For the time-to-event analyses, Kaplan– Meier curves were used to estimate survival distributions after infusion. All statistical tests were performed with the use of 
	The results with regard to overall remission rate, response duration, event-free survival, overall survival, cellular kinetics, and safety that are presented in this report are from an updated analysis that included 75 patients who received tisagenlecleucel and had completed 3 months of follow-up or discontinued the study at an earlier point. For the time-to-event analyses, Kaplan– Meier curves were used to estimate survival distributions after infusion. All statistical tests were performed with the use of 
	-
	-

	9.4 (SAS Institute). Additional details regarding the statistical analysis are provided in the Supplementary Appendix. 
	-


	Results 
	Patients 
	Between April 8, 2015, and the data cutoff on April 25, 2017, a total of 107 patients were screened, and 92 were enrolled (Fig. 1). A total of 75 patients received an infusion of tisagenlecleucel, with a median time from enrollment to infusion of 45 days (range, 30 to 105). The median duration of follow-up among patients who received a tisagenlecleucel infusion was 
	-

	13.1 months. At enrollment, patients who received tisagenlecleucel had a median age of 11 years (range, 3 to 23), a median of 3 previous therapies (range, 1 to 8), and a median marrow blast percentage of 74% (range, 5 to 99); 46 patients (61%) had undergone previous allogeneic hematopoietic stem-cell transplantation (Table S1 in the Supplementary Appendix). 
	-
	-

	Before tisagenlecleucel infusion, 72 of 75 patients (96%) received lymphodepleting chemo
	-
	-

	75 Underwent infusion 92 Were enrolled 17 Were excluded 7 Had tisa enlecleucel product-related issues 7 Died 3 Had adverse events 107 Patients were screened 48 Remained in follow-up 27 Discontinued 11 Died 9 Had lack of efficacy 5 Underwent new therapy for ALL while in complete remission 2 Withdrew or were withdrawn by  uardian Figure 1.Screening, Enrollment, Treatment, and Follow-up. The first patient’s first visit occurred on April 8, 2015. The median time from tisagenlecleucel infusion to data cutoff was
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	Figure
	B-Cell Aplasia 
	All patients with a response to treatment had B-cell aplasia, and most patients in the study received immunoglobulin replacement in accordance with local practice. The median time to B-cell recovery was not reached (Fig. S4 in the Supplementary Appendix). The probability of maintenance of B-cell aplasia at 6 months after infusion was 83% (95% CI, 69 to 91). 
	-

	CytokineResponse 
	Among the 75 patients who received tisagenlecleucel, transient increases in serum interleukin-6, interferon gamma, and ferritin levels occurred during the cytokine release syndrome after infusion; these increases tended to be more pronounced in patients with grade 4 cytokine release syndrome than in patients with lower grades (Fig. S5 in the Supplementary Appendix). Similar trends were observed in the levels of other cytokines, including interleukin-10, interleukin-12p70, interleukin-1β, interleukin-2, inte
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	protein level was observed in most patients, but with large variability. 
	Safety 
	The safety analysis set included all 75 patients who received an infusion of tisagenlecleucel; the median time from infusion to data cutoff was 
	13.1 months (range, 2.1 to 23.5). Eighteen patients (24%) received their infusions in an outpatient setting. All patients had at least one adverse event during the study; 71 of 75 patients (95%) 
	-
	-
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	Table 1. Overall Safety of Tisagenlecleucel. 
	Table 1. Overall Safety of Tisagenlecleucel. 
	Table 1. Overall Safety of Tisagenlecleucel. 

	Event Adverse event of any grade Suspected to be related to tisagenlecleucel Grade 3 or 4 adverse event Suspected to be related to tisagenlecleucel 
	Event Adverse event of any grade Suspected to be related to tisagenlecleucel Grade 3 or 4 adverse event Suspected to be related to tisagenlecleucel 
	Any Time (N= 75) 75 (100) 71 (95) 66 (88) 55 (73) 
	≤8 Wk after Infusion (N= 75) number of patients (percent) 74 (99) 69 (92) 62 (83) 52 (69) 
	>8 Wk to 1 Yr after Infusion (N= 70) 65 (93) 30 (43) 31 (44) 12 (17) 


	had an adverse event that was suspected by the investigators to be related to tisagenlecleucel (Table 1). The most common nonhematologic adverse events of any grade at any time after infusion were the cytokine release syndrome (77%), pyrexia (40%), decreased appetite (39%), febrile neutropenia (36%), and headache (36%) (Tables S6 and S7 in the Supplementary Appendix). Within 8 weeks after infusion, febrile neutropenia occurred in 35% of the patients, and grade 3 or 4 neutropenia with a body temperature high
	-
	-
	-
	-
	-
	-

	A total of 66 of 75 patients (88%) had a grade 3 or 4 adverse event; 55 of 75 patients (73%) had a grade 3 or 4 tisagenlecleucel-related adverse event (Table 1). Within 8 weeks after infusion, 52 of 75 patients (69%) had a grade 3 or 4 tisagenlecleucel-related adverse event; during the period from 8 weeks to 1 year after infusion, theincidence decreased to 12 of the 70 patients for whom follow-up data were available (17%) (Table 2). Adverse events of special interest included the cytokine release syndrome, 
	A total of 66 of 75 patients (88%) had a grade 3 or 4 adverse event; 55 of 75 patients (73%) had a grade 3 or 4 tisagenlecleucel-related adverse event (Table 1). Within 8 weeks after infusion, 52 of 75 patients (69%) had a grade 3 or 4 tisagenlecleucel-related adverse event; during the period from 8 weeks to 1 year after infusion, theincidence decreased to 12 of the 70 patients for whom follow-up data were available (17%) (Table 2). Adverse events of special interest included the cytokine release syndrome, 
	-
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	care unit (ICU) for management of the cytokine release syndrome, with a median stay of 7 days (range, 1 to 34). Nineteen patients (25%) were treated with high-dose vasopressors, 33 (44%) received oxygen supplementation, 10 (13%) received mechanical ventilation, 7 (9%) underwent dialysis, and 28 (37%) received tocilizumab for management of the cytokine release syndrome.
	-
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	Neurologic events occurred in 30 of 75 patients (40%) within 8 weeks after infusion. Ten patients (13%) had grade 3 neurologic events; no grade 4 events or cerebral edema were reported. The most common neurologic events of any grade were encephalopathy (11%), confusional state (9%), delirium (9%), tremor (8%), agitation (7%), and somnolence (7%); 1 patient had a seizure (grade 3). The majority of neurologic events occurred during the cytokine release syndrome or shortly after its resolution. Severe neurolog
	-
	-
	-
	-
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	-
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	Table 2. Grade 3 or 4 Adverse Events Suspected to Be Related to Tisagenlecleucel That Occurred in at Least 5% of Patients. 
	Table 2. Grade 3 or 4 Adverse Events Suspected to Be Related to Tisagenlecleucel That Occurred in at Least 5% of Patients. 
	Table 2. Grade 3 or 4 Adverse Events Suspected to Be Related to Tisagenlecleucel That Occurred in at Least 5% of Patients. 

	Event ≤8 Wk after Infusion (N= 75) >8 Wk to 1 Yr after Infusion (N= 70) Grade 3 Grade 4 Grade 3 Grade 4 number of patients (percent) Any grade 3 or 4 adverse event 19 (25) 33 (44) 8 (11) 4 (6) Cytokine release syndrome 16 (21) 19 (25) — — Hypotension 7 (9) 6 (8) — — Decrease in lymphocyte count 5 (7) 4 (5) 1 (1) — Hypoxia 5 (7) 3 (4) — — Increase in blood bilirubin 8 (11) — — — Increase in aspartate aminotransferase 5 (7) 2 (3) — — Pyrexia 5 (7) 2 (3) — — Decrease in neutrophil count 1 (1) 6 (8) 1 (1) 1 (1)
	Event ≤8 Wk after Infusion (N= 75) >8 Wk to 1 Yr after Infusion (N= 70) Grade 3 Grade 4 Grade 3 Grade 4 number of patients (percent) Any grade 3 or 4 adverse event 19 (25) 33 (44) 8 (11) 4 (6) Cytokine release syndrome 16 (21) 19 (25) — — Hypotension 7 (9) 6 (8) — — Decrease in lymphocyte count 5 (7) 4 (5) 1 (1) — Hypoxia 5 (7) 3 (4) — — Increase in blood bilirubin 8 (11) — — — Increase in aspartate aminotransferase 5 (7) 2 (3) — — Pyrexia 5 (7) 2 (3) — — Decrease in neutrophil count 1 (1) 6 (8) 1 (1) 1 (1)


	A total of 31 of 75 patients (41%) had grade 3 or 4 decreased platelet counts that had not resolved by day 28. Of those 31 patients, 22 had resolution to grade 2 or lower by the last assessment, and 9 did not. By month 3, the Kaplan– Meier estimate of the percentage of patients with resolution to grade 2 or lower was 73%. A grade 3 or 4 decreased neutrophil count that had not resolved by day 28 was reported in 40 of 75 patients (53%). Of those 40 patients, 32 had resolution to grade 2 or lower by the last a
	-
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	Table 3. Adverse Events of Special Interest within 8 Weeks after Infusion, Regardless of Relationship to Tisagenlecleucel.* 
	Table 3. Adverse Events of Special Interest within 8 Weeks after Infusion, Regardless of Relationship to Tisagenlecleucel.* 
	Table 3. Adverse Events of Special Interest within 8 Weeks after Infusion, Regardless of Relationship to Tisagenlecleucel.* 

	Type of Event Any Grade (N= 75) Grade 3 (N= 75) Grade 4 (N= 75) number of patients (percent) Any adverse event of special interest 67 (89) 26 (35) 30 (40) Cytokine release syndrome 58 (77) 16 (21) 19 (25) Neurologic event 30 (40) 10 (13) 0 Infection 32 (43) 16 (21) 2 (3) Febrile neutropenia 26 (35) 24 (32) 2 (3) Cytopenia not resolved by day 28 28 (37) 12 (16) 12 (16) Tumor lysis syndrome 3 (4) 3 (4) 0 
	Type of Event Any Grade (N= 75) Grade 3 (N= 75) Grade 4 (N= 75) number of patients (percent) Any adverse event of special interest 67 (89) 26 (35) 30 (40) Cytokine release syndrome 58 (77) 16 (21) 19 (25) Neurologic event 30 (40) 10 (13) 0 Infection 32 (43) 16 (21) 2 (3) Febrile neutropenia 26 (35) 24 (32) 2 (3) Cytopenia not resolved by day 28 28 (37) 12 (16) 12 (16) Tumor lysis syndrome 3 (4) 3 (4) 0 


	* The criteria for defining adverse events of special interest were based on experience from ongoing clinical studies. The cytokine release syndrome includes the Medical Dictionary for Regulatory Activities preferred terms “cytokine release syndrome,” “cytokine storm,” “shock,” “macrophage activation,” and “hemophagocytic lymphohistiocytosis.” Neurologic events include the standardized Medical Dictionary for Regulatory Activities query terms “noninfectious encephalopathy” and “delirium.” 
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	Nineteen deaths occurred after tisagenlecleucel infusion. Within 30 days after infusion, 1 patient died from cerebral hemorrhage in the context of coagulopathy and resolving cytokine release syndrome (15 days after infusion), and 1patient died from progressive B-cell ALL. More than 30 days after infusion, 17 patients died; the causes of death were B-cell ALL relapse or progression (12 patients), HHV-6–positive encephalitis in association with prolonged neutropenia and lymphopenia (1), systemic mycosis in as
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	-
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	Discussion 
	In this global, multicenter, pivotal study of CAR T-cell therapy, high response rates were shown in children and young adults with relapsed or refractory B-cell ALL, 61% of whom had had a relapse after allogeneic hematopoietic stem-cell transplantation. Effective distribution of tisagenlecleucel across four continents with the use of a global supply chain was shown to be feasible and resulted in efficacy and safety similar to those observed in the previous, single-center study.
	-
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	This updated analysis showed an overall remission rate of 81% among 75 patients with at least 3 months of follow-up after a single infusion of tisagenlecleucel. The remissions were durable, with a 6-month relapse-free survival rate of 80%. The durability of the clinical response was associated with persistence of tisagenlecleucel in peripheral blood and with persistent B-cell aplasia. 
	-
	-
	-
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	The treatment of patients who have relapsed or refractory B-cell ALL after failure of two regimens is challenging. The rate of minimal residual disease–negative overall remission of 81% and the 6-month overall survival rate of 90% found in this study of tisagenlecleucel compare favorably with the rates achieved with Food and Drug Administration–approved agents for relapsed B-cell ALL. A pivotal phase 2 study of clofarabine involving 61 pediatric patients with relapsed or refractory ALL showed a response rat
	The treatment of patients who have relapsed or refractory B-cell ALL after failure of two regimens is challenging. The rate of minimal residual disease–negative overall remission of 81% and the 6-month overall survival rate of 90% found in this study of tisagenlecleucel compare favorably with the rates achieved with Food and Drug Administration–approved agents for relapsed B-cell ALL. A pivotal phase 2 study of clofarabine involving 61 pediatric patients with relapsed or refractory ALL showed a response rat
	-
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	of the CD19–CD3 bispecific antibody blinatumomab, complete remission occurred in 27 of the 70 pediatric patients (39%) with relapsed or refractory B-cell ALL within the first two cycles of blinatumomab treatment, with a rate of negativity for minimal residual disease of 20% and a median overall survival of 7.5 months.
	-
	-
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	High rates of complete remission have also been found in pediatric and adult patients with relapsed or refractory ALL treated with other anti-CD19 CAR T-cell therapies, and U.S. multi-center phase 1–2 studies of the CAR T-cell therapy KTE-C19 have been initiated in pediatric and adult patients with relapsed or refractory ALL.One key difference between CAR designs is the costimulatory domain; tisagenlecleucel contains a 4-1BB domain, which has been suggested to improve the persistence of CAR T cells through 
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	Previous studies showing promising results with anti-CD19 CAR T-cell therapies in the treatment of relapsed and refractory B-cell ALL were single-center studies, with manufacture occurring on site; therefore, the reproducibility and 
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	ABSTRACT 
	BACKGROUND 
	In a phase 1 trial, axicabtagene ciloleucel (axi-cel), an autologous anti-CD19 chimeric antigen receptor (CAR) T-cell therapy, showed efficacy in patients with refractory large B-cell lymphoma after the failure of conventional therapy. 
	-

	METHODS 
	In this multicenter, phase 2 trial, we enrolled 111 patients with diffuse large B-cell lymphoma, primary mediastinal B-cell lymphoma, or transformed follicular lymphoma who had refractory disease despite undergoing recommended prior therapy. Patients received a target dose of 2×10 anti-CD19 CAR T cells per kilogram of body weight after receiving a conditioning regimen of low-dose cyclophosphamide and fludarabine. The primary end point was the rate of objective response (calculated as the combined rates of c
	-
	-
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	RESULTS 
	Among the 111 patients who were enrolled, axi-cel was successfully manufactured for 110 (99%) and administered to 101 (91%). The objective response rate was 82%, and the complete response rate was 54%.With a median follow-up of 15.4 months, 42% of the patients continued to have a response, with 40% continuing to have a complete response. The overall rate of survival at 18 months was 52%. The most common adverse events of grade 3 or higher during treatment were neutropenia (in 78% of the patients), anemia (i
	-

	CONCLUSIONS 
	In this multicenter study, patients with refractory large B-cell lymphoma who received CAR T-cell therapy with axi-cel had high levels of durable response, with a safety profile that included myelosuppression, the cytokine release syndrome, and neurologic events. (Funded by Kite Pharma and the Leukemia and Lymphoma Society Therapy Acceleration Program; ZUMA-1  number, NCT02348216.) 
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	arge B-cell lymphomas, including 
	L

	diffuse large B-cell lymphoma, primary me
	-

	diastinal B-cell lymphoma, and transformed follicular lymphoma, are treated with combination chemoimmunotherapy at diagnosis. Patients who have a relapse with chemotherapy-sensitive disease may be treated with high-dose chemotherapy followed by autologous stem-cell transplantation.However, patients who have disease that is resistant to primary or salvage chemoimmunotherapy or who have had a relapse after transplantation have an extremely poor prognosis. Recently, in a large, international, retrospective res
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	4-13
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	tation.
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	Single-institution studies of anti-CD19 chimeric antigen receptor (CAR) T-cell therapy have shown high response rates in refractory B-cell lymphomas after the failure of conventional therapy. Investigators at the National Cancer Institute have found that many responses have been ongoing beyond 4 years, which suggests that this therapy may be potentially curative. Axicabtagene ciloleucel (axi-cel, Kite Pharma) is an autologous anti-CD19 CAR T-cell therapy that uses the same CAR construct that was developed a
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	 activation.
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	A phase 1 multicenter study (ZUMA-1) involving seven patients with refractory large B-cell lymphoma showed that axi-cel could be centrally manufactured and safely  An overall response to axi-cel therapy was reported in five patients and a complete response in four patients, with an ongoing complete response in three patients reported at 1 year. Here, we report the results of the primary analysis of phase 2 of ZUMA-1 and an updated analysis with 1 year of follow-up. 
	-
	administered.
	21
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	Methods 
	Patients andStudyDesign 
	The study was approved by the institutional review board at each study site and was conducted in accordance with the Good Clinical Practice guidelines of the International Conference on Harmonisation. All the patients provided written informed consent. The study was designed by employees of Kite Pharma, which also paid for medical-writing support. All the authors discussed and interpreted the results and vouch for the completeness and accuracy of the data and analyses and for the adherence of the study to t
	-
	-
	-
	article at NEJM.org. All

	The phase 2 treatment portion of the study ran from November 2015 through September 2016 at 22 study centers (21 in the United States and 1 in Israel). (A complete list of study sites is provided in the Supplementary Appendix, available at duration of response, survival, and late adverse events is ongoing. 
	-
	NEJM.org.) Follow-up to evaluate the 

	All the patients had histologically confirmed large B-cell lymphoma, including diffuse large B-cell lymphoma (cohort 1) and primary mediastinal B-cell lymphoma or transformed follicular lymphoma (cohort 2), on the basis of the 2008  Central confirmation of the diagnosis was performed retrospectively. Patients had refractory disease, which was defined as progressive or stable disease as the best response to the most recent chemotherapy regimen or disease progression or relapse within 12 months after autologo
	-
	World Health Organization guidelines.
	22
	-
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	Appendix).
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	After leukapheresis and axi-cel manufacturing, patients received fixed low-dose conditioning chemotherapy consisting of fludarabine (at a dose of 30 mg per square meter of body-surface area per day) and cyclophosphamide (at a dose of 500 mg per square meter per day) on days −5, −4, and −3 before the administration of a single intravenous infusion of axi-cel at a target dose of 2×10 CAR T cells per kilogram of body weight (on day 0). Systemic bridging chemotherapy was 
	-
	-
	6
	21
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	not allowed after leukapheresis and before the administration of axi-cel. Patients who had an initial response and then had disease progression at least 3 months after the first dose of axi-cel could be retreated. 
	EndPoints andAssessments 
	The primary end point was the rate of objective response (calculated as the combined rates of complete response and partial response), as assessed by the investigators according to the International Working Group Response Criteria for Malignant  Secondary end points included the duration of response, progression-free survival, overall survival, incidence of adverse events, and blood levels of CAR T cells and serum cytokines. The cytokine release syndrome was graded according to the criteria of Lee et al. We
	-
	Lymphoma.
	23
	-
	24
	21,25
	-
	26 

	Statistical Analysis 
	The primary analysis was conducted at the point when 92 patients could be evaluated 6 months after the axi-cel infusion. Efficacy and safety analyses were reported in the modified intention-to-treat population of all the patients who had received axi-cel. We also performed an updated analysis of all the patients who had been treated in phase 1 and phase 2 of ZUMA-1. 
	21

	To analyze the response rate, we used a single-group design in which we compared the response of patients with a prespecified rate of response of 20% on the basis of historical values for refractory diffuse large B-cell lymphoma. Efficacy testing had a power of at least 90% to distinguish between an active therapy with a 40% true response rate and a therapy with a response rate of 20% or less with the use of a one-sided alpha level of 0.025. The primary end point was tested with an exact binomial test. We u
	To analyze the response rate, we used a single-group design in which we compared the response of patients with a prespecified rate of response of 20% on the basis of historical values for refractory diffuse large B-cell lymphoma. Efficacy testing had a power of at least 90% to distinguish between an active therapy with a 40% true response rate and a therapy with a response rate of 20% or less with the use of a one-sided alpha level of 0.025. The primary end point was tested with an exact binomial test. We u
	-
	4-12
	-

	rank-sum test to measure the associations between outcomes and levels of CAR T cells and cytokines, with P values adjusted using Holm’s procedure. Confidence intervals were calculated with the use of the Clopper–Pearson method. 

	Results 
	Patients 
	A total of 111 patients were enrolled in the study. Axi-cel was manufactured for 110 patients (99%) and administered to 101 patients (91%); the latter population was included in the modified intention-to-treat analysis. Patients included 77 with diffuse large B-cell lymphoma and 24 with primary mediastinal B-cell lymphoma or transformed follicular lymphoma (Table1, and Fig. S1 in the Supplementary Appendix). The date of data cutoff for the primary analysis was January 27, 2017; the median follow-up was 8.7 
	-
	-

	The median time from leukapheresis to delivery of axi-cel to the treatment facility was 17 days. Of the 10 patients who did not receive axi-cel, 1 had unsuccessful manufacture of the CAR T-cell product, 4 had adverse events, 1 died from disease progression, and 2 had nonmeasurable disease before conditioning chemotherapy. After conditioning chemotherapy but before axi-cel infusion, 1 patient had sepsis and 1 died from multiple factors with laboratory abnormalities suggestive of the tumor lysis syndrome, gas
	-
	-

	Among the patients who were treated with axi-cel, the median age was 58 years (range, 23 to 76). Most of the patients (85%) had stage III or IV disease; 77% had disease that was resistant to second-line or later therapies, 21% had disease relapse after transplantation, 69% had received at least three previous therapies, and 26% had a history of primary refractory disease (Table1). 
	Efficacy 
	Primary Analysis 
	At a minimum of 6 months of follow-up, the objective response rate among the protocol-specified 92 patients was 82% (95% confidence interval [CI], 72 to 89; P<0.001 for the comparison with a 20% historical control rate); among these patients, the complete response rate was 52% (Table S1 in the 
	-
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	Supplementary Appendix). An additional 9 patients were enrolled and awaiting treatment at the time that the 92nd patient received the axicel infusion. Among the 101 patients who received axi-cel, the objective response rate was 82% (95% CI, 73 to 89), with a 54% complete response rate (Fig. 1A, and Fig. S2 in the Supplementary Appendix). 
	-
	-
	-

	The median time to response was rapid (1.0 month; range, 0.8 to 6.0). The median duration of response was 8.1 months (95% CI, 3.3 to could not be estimated). Response rates were consistent across key covariates, including age, disease stage, International Prognostic Index score at enrollment, presence or absence of bulky disease, cell-oforigin subtype, and use of tocilizumab or gluco-
	-

	Table 1. Treatment Disposition and Baseline Characteristics of the Patients.* 
	Table 1. Treatment Disposition and Baseline Characteristics of the Patients.* 
	Table 1. Treatment Disposition and Baseline Characteristics of the Patients.* 

	Variable Patients with DLBCL Patients with PMBCL or TFL Treatment disposition No. of patients enrolled 81 30 Treatment with axi-cel — no. (%) Yes 77 (95) 24 (80) No 4 (5) 6 (20) Death before treatment† 1 (1) 2 (7) Adverse event‡ 3 (4) 2 (7) Other§ 0 2 (7) Characteristics at baseline No. of patients 77 24 Disease type — no. (%) DLBCL 77 (100) 0 PMBCL 0 8 (33) TFL 0 16 (67) Age Median (range) — yr 58 (25–76) 57 (23–76) ≥65 yr — no. (%) 17 (22) 7 (29) Male sex — no. (%) 50 (65) 18 (75) ECOG performance-status 
	Variable Patients with DLBCL Patients with PMBCL or TFL Treatment disposition No. of patients enrolled 81 30 Treatment with axi-cel — no. (%) Yes 77 (95) 24 (80) No 4 (5) 6 (20) Death before treatment† 1 (1) 2 (7) Adverse event‡ 3 (4) 2 (7) Other§ 0 2 (7) Characteristics at baseline No. of patients 77 24 Disease type — no. (%) DLBCL 77 (100) 0 PMBCL 0 8 (33) TFL 0 16 (67) Age Median (range) — yr 58 (25–76) 57 (23–76) ≥65 yr — no. (%) 17 (22) 7 (29) Male sex — no. (%) 50 (65) 18 (75) ECOG performance-status 
	-

	All Patients 111 101 (91) 10 (9) 3 (3) 5 (5) 2 (2) 101 77 (76) 8 (8) 16 (16) 58 (23–76) 24 (24) 68 (67) 59 (58) 15 (15) 86 (85) 53 (52) 48 (48) 8/82 (10) 74/82 (90) 70 (69) 26 (26) 54 (53) 
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	Table 1. (Continued.) 
	Table 1. (Continued.) 
	Table 1. (Continued.) 

	Variable Refractory subgroup at study entry — no. (%) Primary refractory Refractory to second-line or subsequent therapy Relapse after autologous stem-cell transplantation 
	Variable Refractory subgroup at study entry — no. (%) Primary refractory Refractory to second-line or subsequent therapy Relapse after autologous stem-cell transplantation 
	-

	Patients with DLBCL 2 (3) 59 (77) 16 (21) 
	Patients with PMBCL or TFL 0 19 (79) 5 (21) 
	All Patients 2 (2) 78 (77) 21 (21) 


	* The abbreviation axi-cel denotes axicabtagene ciloleucel, DLBCL diffuse large B-cell lymphoma, ECOG Eastern Cooperative Oncology Group, PMBCL primary mediastinal large B-cell lymphoma, and TFL transformed follicular lymphoma. 
	† Two patients died from disease progression (one after unsuccessful manufacture of the CAR T-cell product) and one from the tumor lysis syndrome. 
	‡ The adverse events in the four patients who had undergone leukapheresis but had not received conditioning therapy or axi-cel were small intestine obstruction, hypoxia and pleural effusion, spinal column stenosis, and deep-vein thrombosis. The remaining patient received conditioning therapy but had a skin and wound infection that led to ecthyma and sepsis before axi-cel treatment. 
	-

	§ The two patients in this category had nonmeasurable disease after leukapheresis. ¶ Scores on the International Prognostic Index include low risk (0 or 1 point), low-intermediate risk (2 points), high-
	intermediate risk (3 points), and high risk (4 or 5 points). ‖ The CD19 histologic score was assessed in the 82 patients with available samples. ** Patients may have had other therapies after primary refractory disease. 
	corticoids. Responses were also consistent in 26 patients who had a history of primary refractory disease (response rate, 88%) and in 21 patients who had a history of autologous stem-cell transplantation (response rate, 76%). The response rates did not appear to be influenced by biologic covariates, such as the prevalence and intensity of CD19 expression, or by product characteristics, such as the ratio of CD4 cells to CD8 cells and T-cell phenotypes (Fig. 1B, and Tables S2, S3, and S4 in the Supplementary 
	-
	-

	At the time of the primary analysis, 52 patients had disease progression, 3 patients had died from adverse events during treatment, 1 patient started an alternative therapy before disease progression, 44 remained in remission (of whom 39 had a complete response), and 1 had stable disease. Of the patients who had disease progression after an initial response, 9 were retreated with axi-cel, according to the protocol. Of these patients, 5 had a response (2 complete and 3 partial), and 2 of these patients had a
	-

	Updated Analysis 
	To evaluate the durability of response with axi-cel, we performed an updated analysis when the 108 patients in the phase 1 and 2 portions of ZUMA-1 had been followed for a minimum of 1 year. The objective response rate was 82%, including a com
	To evaluate the durability of response with axi-cel, we performed an updated analysis when the 108 patients in the phase 1 and 2 portions of ZUMA-1 had been followed for a minimum of 1 year. The objective response rate was 82%, including a com
	-

	plete response rate of 58%. Of the patients who did not have a complete response at the time of the first tumor assessment (1 month after the infusion of axi-cel), 23 patients (11 of 35 with a partial response and 12 of 25 with stable disease) subsequently had a complete response in the absence of additional therapies as late as 15 months after treatment. At the data cutoff, 42% remained in response, including 40% with a complete response. Of the 7 patients in phase 1 of the study, 3 had an ongoing complete
	-
	-


	Preliminary analysis of CD19 expression at baseline and at the time of disease progression was ongoing. Of the 11 patients with disease progression who were included in the analysis, 3 (27%) with CD19-positive status at baseline had CD19negative disease at time of disease progression. 
	-
	-

	Ongoingresponse rates were consistent across key covariates, including the use of tocilizumab or glucocorticoids (Fig. S3 in the Supplementary Appendix). The median duration of response was 
	11.1 months (95% CI, 3.9 to could not be estimated) (Fig. 2A). The median duration of pro-gression-free survival was 5.8 months (95% CI, 
	-

	3.3 to could not be estimated) (Fig.2B), with pro-gression-free survival rates of 49% (95% CI, 39 to 58) at 6 months, 44% (95% CI, 34 to 53) at 12 months, and 41% (95% CI, 31 to 50) at 15 months. The median overall survival was not yet reached 
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	(95% CI, 12.0 months to could not be estimated) (Fig.2C), with overall survival rates of 78% (95% CI, 69 to 85) at 6 months, 59% (95% CI, 49 to 68) at 12 months, and 52% (95% CI, 41 to 62) at 18 months. A total of 56% of patients remained alive at the time of the data cutoff. Two patients who had a response underwent allogeneic stem-cell transplantation. 
	Safety 
	Primary Analysis 
	During treatment, all 101 patients who had received axi-cel had adverse events, which were grade 3 or higher in 95% (Table 2). The most common adverse events of any grade were pyrexia (in 85% of the patients), neutropenia (in 84%), and anemia (in 66%). The most common adverse events of grade 3 or higher were neutropenia (in 78%), anemia (in 43%), and thrombocytopenia (in 38%). The cytokine release syndrome occurred in 94 patients (93%). Most cases were of low grade (37% of grade 1 and 44% of grade 2), with 
	-
	-

	The most common symptoms of the cytokine release syndrome of grade 3 or higher were py
	The most common symptoms of the cytokine release syndrome of grade 3 or higher were py
	-

	rexia (in 11% of the patients), hypoxia (in 9%), and hypotension (in 9%). Vasopressors were used in 17% of the patients. The median time after infusion until the onset of the cytokine release syndrome was 2 days (range, 1 to 12), and the median time until resolution was 8 days. All the events associated with the cytokine release syndrome resolved except for one event of grade 5 hemophagocytic lymphohistiocytosis. Another event of grade 5 cardiac arrest occurred in a patient with the cytokine release syndrom
	-


	Neurologic events occurred in 65 patients (64%); 28% were grade 3 or higher. The most common neurologic events of grade 3 or higher were encephalopathy (in 21% of the patients), confusional state (in 9%), aphasia (in 7%), and somnolence (in 7%). Early neurologic signs included word-finding difficulties (dysphasia), attention or calculation defects (counting backward by serial 7s), and difficulty executing complex commands (handwriting).The median onset of neurologic events occurred on day 5 (range, 1 to 17)
	-
	-
	-
	27 
	-
	-
	-
	-
	-
	-
	-
	24

	Updated Analysis 
	Ten patients had serious adverse events (including nine infections in 8 patients) after the data cutoff for the primary analysis (Table S6 in the Supplementary Appendix). There were no new events associated with the cytokine release syndrome or neurologic events related to axi-cel treatment. Forty-four patients (44%) died from causes that included disease progression (in 37 patients), adverse events (in 3 patients, including 2 with the above-mentioned axi-cel–related events associated 
	-
	-
	-
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	Figure
	Figure 2 (facing page).Kaplan–Meier Estimates of the Duration of Response, Progression-free Survival, and OverallSurvival. 
	Panel A shows the duration of response, according to investigator assessment, in the 89 study patients who had an objective response, including those with a complete response and those with a partial response. Patients who had a complete response had a longer duration of response than those with an objective or partial response. According to independent central review, the median duration of response was 8.1 months (range, 
	-
	-
	-

	3.5 to could not be estimated [NE]). Panel B shows the rate of progression-free survival, and Panel C the rate of overall survival in the 108 patients who were treated in the phase 1 and phase 2 studies. Tick marks indicate the time of data censoring at the last follow-up. NR denotes not reached. 
	-

	with the cytokine release syndrome and 1 with pulmonary embolism that was not related to axicel), and other causes after disease progression and subsequent therapies that were not related to axi-cel (in 4). One death that was not associated with axi-cel was previously reported in phase 1 of There were no new deaths from adverse events after the primary analysis. No cases of replication-competent retrovirus or axi-cel treatment-related secondary cancers were reported. 
	-
	ZUMA-1.
	21 
	-
	-

	Biomarkers 
	CAR T levels peaked in the peripheral blood within 14 days after infusion of axi-cel and were detectable in most patients at 180 days after infusion (Fig. 3A). Three patients with ongoing complete remission at 24 months still had detectable CAR T levels in the blood. Expansion was significantly associated with response (P<0.001), with an area under the curve within the first 28 days after treatment that was 5.4 times as high among the patients who had a response as among those who did not have a response. P
	CAR T levels peaked in the peripheral blood within 14 days after infusion of axi-cel and were detectable in most patients at 180 days after infusion (Fig. 3A). Three patients with ongoing complete remission at 24 months still had detectable CAR T levels in the blood. Expansion was significantly associated with response (P<0.001), with an area under the curve within the first 28 days after treatment that was 5.4 times as high among the patients who had a response as among those who did not have a response. P
	-
	-
	-
	-
	-

	Appendix). Several biomarkers, including interleukin-2,granulocyte–macrophage colony-stimulating factor (GM-CSF), and ferritin, were significantly associated only with neurologic events of grade 3 or higher (Fig.3C). The induction of anti-CAR antibodies was not observed in any patient. 
	-
	-
	-


	Discussion 
	In this multicenter, phase 2 trial of axi-cel therapy, 82% of the 101 patients with refractory large B-cell lymphoma who were treated had an objective response, and 54% had a complete response. These findings compare favorably with the results of the recent SCHOLAR-1 study of existing therapies for this disease, which showed an objective response rate of 26% and a complete response rate of 7%. With a median follow-up of 15.4 months in our study, responses were ongoing in 42% of the patients, including in 40
	-
	-
	14
	-
	-
	-
	-
	-
	17
	-

	In our study, the responses to treatment, including ongoing ones, were consistent across key covariates. Similar response rates were observed in the 8 patients with CD19-negative disease as in those with CD19-positive disease at baseline, which suggests the potential limitations in CD19 detection rather than true CD19 negativity. Analyses of product characteristics, including the ratio of CD4 cells to CD8 cells and T-cell phenotypes, also showed similar outcomes, which further 
	-
	-
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	highlights the consistency in treatment effects across clinical and biologic covariates. One limitation of our study is the lack of a planned, detailed analysis of molecular and cytogenetic characteristics. Prospective data are needed on the influence of disease biology, such as double- and triple-hit lymphomas, on outcomes with CAR T-cell therapy. 
	-
	-
	-

	To be successful, a personalized cell therapy must be delivered in a safe and timely manner. In this study, we confirmed the feasibility and reliability of centralized manufacturing and coordination of leukapheresis procedures and shipping from multiple centers across the country. The product was manufactured for 99% of the enrolled patients and was administered to 91%. 
	-
	-

	Table 2. Adverse Events, the Cytokine Release Syndrome, and Neurologic Events Associated with Treatment.* 
	Table 2. Adverse Events, the Cytokine Release Syndrome, and Neurologic Events Associated with Treatment.* 
	Table 2. Adverse Events, the Cytokine Release Syndrome, and Neurologic Events Associated with Treatment.* 

	Event Any Grade Grade 1 or 2 Grade ≥3 number of patients (percent) Adverse event Any 101 (100) 5 (5) 96 (95) Pyrexia 86 (85) 72 (71) 14 (14) Neutropenia 85 (84) 6 (6) 79 (78) Anemia 67 (66) 24 (24) 43 (43) Hypotension 60 (59) 46 (46) 14 (14) Thrombocytopenia 59 (58) 21 (21) 38 (38) Nausea 59 (58) 59 (58) 0 Fatigue 52 (51) 50 (50) 2 (2) Decreased appetite 50 (50) 48 (48) 2 (2) Headache 47 (47) 46 (46) 1 (1) Diarrhea 43 (43) 39 (39) 4 (4) Hypoalbuminemia 41 (41) 40 (40) 1 (1) Hypocalcemia 40 (40) 34 (34) 6 (6
	Event Any Grade Grade 1 or 2 Grade ≥3 number of patients (percent) Adverse event Any 101 (100) 5 (5) 96 (95) Pyrexia 86 (85) 72 (71) 14 (14) Neutropenia 85 (84) 6 (6) 79 (78) Anemia 67 (66) 24 (24) 43 (43) Hypotension 60 (59) 46 (46) 14 (14) Thrombocytopenia 59 (58) 21 (21) 38 (38) Nausea 59 (58) 59 (58) 0 Fatigue 52 (51) 50 (50) 2 (2) Decreased appetite 50 (50) 48 (48) 2 (2) Headache 47 (47) 46 (46) 1 (1) Diarrhea 43 (43) 39 (39) 4 (4) Hypoalbuminemia 41 (41) 40 (40) 1 (1) Hypocalcemia 40 (40) 34 (34) 6 (6
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	Table 2. (Continued.) 
	Table 2. (Continued.) 
	Table 2. (Continued.) 

	Event 
	Event 
	Any Grade 
	Grade 1 or 2 
	Grade ≥3 

	TR
	number of patients (percent) 

	Neurologic event 
	Neurologic event 

	Any 
	Any 
	65 (64) 
	37 (37) 
	28 (28) 

	Encephalopathy 
	Encephalopathy 
	34 (34) 
	13 (13) 
	21 (21) 

	Confusional state 
	Confusional state 
	29 (29) 
	20 (20) 
	9 (9) 

	Tremor 
	Tremor 
	29 (29) 
	28 (28) 
	1 (1) 

	Aphasia 
	Aphasia 
	18 (18) 
	11 (11) 
	7 (7) 

	Somnolence 
	Somnolence 
	15 (15) 
	8 (8) 
	7 (7) 

	Agitation 
	Agitation 
	9 (9) 
	5 (5) 
	4 (4) 

	Memory impairment 
	Memory impairment 
	7 (7) 
	6 (6) 
	1 (1) 

	Mental-status change 
	Mental-status change 
	6 (6) 
	4 (4) 
	2 (2) 


	* Listed are adverse events that occurred in at least 30% of the patients, along with symptoms of the cytokine release syndrome and neurologic events that occurred in at least 5% of the patients. The cytokine release syndrome was categorized according to a modified grading system proposed by Lee et al. Individual symptoms of the cytokine release syndrome and neurologic events were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03. 
	-
	24

	The short 17-day median turnaround time was critical for these patients with refractory large B-cell lymphoma, who generally have rapidly growing disease. 
	We found that axi-cel could be administered safely at medical facilities that perform transplantation, even if such centers had no experience in CAR T-cell therapy. Algorithms for the management of the cytokine release syndrome and neurologic events were effectively implemented. The incidence of the cytokine release syndrome and neurologic events of grade 3 or higher decreased over the course of the study, possibly because of increased experience at the study centers and a protocol amendment allowing for ea
	-
	-
	-
	-
	 or glucocorticoids.
	27
	-
	-
	 transplantation.
	28 

	CAR T-cell levels over the first 28 days of treatment correlated with an objective response. This finding was consistent with prior single-institution trials of CAR T-cell therapy and strengthens the hypothesis that the presence of higher 
	CAR T-cell levels over the first 28 days of treatment correlated with an objective response. This finding was consistent with prior single-institution trials of CAR T-cell therapy and strengthens the hypothesis that the presence of higher 
	-
	-
	19,25
	-

	CAR T-cell levels after infusion may further augment efficacy. Recent studies have shown intrinsic differences in CAR T cells that use CD28 rather than other costimulatory molecules, such as 4-1BB, but it remains unclear whether either costimulatory domain will confer differences in activity or persistence in patients and whether such responses are dependent on the tumor type.Therefore, optimization of CAR constructs and manufacturing as well as combination strategies with immunomodulatory agents are being 
	-
	-
	29,30
	31 
	-


	Serum biomarker analysis confirmed associations of the presence of interleukin-6, -15, and -2Rα, as well as other markers, with the cytokine release syndrome of grade 3 or higher and with neurologic events of grade 3 or higher.However, CAR T-cell levels and specific cytokines, including interleukin-2, GM-CSF, and ferritin, were associated only with grade 3 or higher neurologic events, which suggests that distinct mechanisms may underlie the pathogenesis of these adverse events. 
	-
	19,32-35
	19,34 
	-
	-

	Although there is a theoretical concern regarding the use of immunosuppressive agents to manage the cytokine release syndrome or neurologic events, the use of tocilizumab or glucocorticoids did not appear to affect the overall response among the patients in our study. Furthermore, the development of a predictive or prognostic early 
	-
	-
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	CAR-Positive.Cells(no./µl) 102 101 100 10−1 10−2 LOD 0 6030 90 Days.after. nfusion A CAR.T-Cell.Expansion Day 7 
	CAR-Positive.Cells(no./µl) 102 101 100 10−1 10−2 LOD 0 6030 90 Days.after. nfusion A CAR.T-Cell.Expansion Day 7 
	CAR-Positive.Cells(no./µl) 102 101 100 10−1 10−2 LOD 0 6030 90 Days.after. nfusion A CAR.T-Cell.Expansion Day 7 
	120 
	150 180 Q3 Q1 Median 

	B Association.between.CAR.T-Cell.Expansion.and.Clinical.Outcomes CAR-Positive.Cells(no./µl) 104 103 102 101 100 10−1 104 103 102 101 100 10−1 Objective Response Rate (N=83) No.Objective Response Rate (N=18) Grade.ƒ3 (N=28) Grade.0–2 (N=73) Objective.Response.Rate Neurologic.Events Peak factor  4.0 Peak factor  2.1 P=0.002 P=0.01 
	B Association.between.CAR.T-Cell.Expansion.and.Clinical.Outcomes CAR-Positive.Cells(no./µl) 104 103 102 101 100 10−1 104 103 102 101 100 10−1 Objective Response Rate (N=83) No.Objective Response Rate (N=18) Grade.ƒ3 (N=28) Grade.0–2 (N=73) Objective.Response.Rate Neurologic.Events Peak factor  4.0 Peak factor  2.1 P=0.002 P=0.01 
	104 103 102 101 100 10−1 
	Grade.ƒ3 (N=13) Grade.0–2 (N=88) Cytokine.Release.Syndrome Peak factor  1.1 P=0.28 

	C .Serum.Biomarkers.Associated.with.Neurologic.Events Peak.Biomarker(pg/ml) 105 102 101 100 105 102 101 100 Grade.ƒ3 Events (N=28) Grade.0–2 Events (N=73) Grade.ƒ3 Events (N=28) Grade.0–2 Events (N=73)  nterleukin-2 GM-CSF Peak factor  1.9 Peak factor  2.7 P=0.04 P=0.004 
	C .Serum.Biomarkers.Associated.with.Neurologic.Events Peak.Biomarker(pg/ml) 105 102 101 100 105 102 101 100 Grade.ƒ3 Events (N=28) Grade.0–2 Events (N=73) Grade.ƒ3 Events (N=28) Grade.0–2 Events (N=73)  nterleukin-2 GM-CSF Peak factor  1.9 Peak factor  2.7 P=0.04 P=0.004 
	108 107 106 105 103 104 102 
	Grade.ƒ3 Events (N=28) Grade.0–2 Events (N=73) Ferritin Peak factor  2.7 P=0.006 


	biomarker of the cytokine release syndrome or neurologic events may assist clinicians in determining when to intervene and optimize the management of toxic effects while preserving efficacy. 
	-

	In conclusion, our findings support the use of axi-cel as an effective therapeutic option in adult patients with relapsed or refractory large B-cell lymphoma after at least two prior systemic therapies.Adverse events included myelosuppression, 
	-
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	the cytokine release syndrome, and neurologic 
	events. 
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