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BACKGROUND
Patients with relapsed or refractory mantle-cell lymphoma who have disease pro-
gression during or after the receipt of Bruton’s tyrosine kinase (BTK) inhibitor 
therapy have a poor prognosis. KTE-X19, an anti-CD19 chimeric antigen receptor 
(CAR) T-cell therapy, may have benefit in patients with relapsed or refractory 
mantle-cell lymphoma.

METHODS
In a multicenter, phase 2 trial, we evaluated KTE-X19 in patients with relapsed or 
refractory mantle-cell lymphoma. Patients had disease that had relapsed or was re-
fractory after the receipt of up to five previous therapies; all patients had to have 
received BTK inhibitor therapy previously. Patients underwent leukapheresis and op-
tional bridging therapy, followed by conditioning chemotherapy and a single infusion 
of KTE-X19 at a dose of 2×106 CAR T cells per kilogram of body weight. The pri-
mary end point was the percentage of patients with an objective response (complete 
or partial response) as assessed by an independent radiologic review committee ac-
cording to the Lugano classification. Per the protocol, the primary efficacy analysis 
was to be conducted after 60 patients had been treated and followed for 7 months.

RESULTS
A total of 74 patients were enrolled. KTE-X19 was manufactured for 71 patients and 
administered to 68. The primary efficacy analysis showed that 93% (95% confidence 
interval [CI], 84 to 98) of the 60 patients in the primary efficacy analysis had an 
objective response; 67% (95% CI, 53 to 78) had a complete response. In an intention-
to-treat analysis involving all 74 patients, 85% had an objective response; 59% had 
a complete response. At a median follow-up of 12.3 months (range, 7.0 to 32.3), 57% 
of the 60 patients in the primary efficacy analysis were in remission. At 12 months, 
the estimated progression-free survival and overall survival were 61% and 83%, re-
spectively. Common adverse events of grade 3 or higher were cytopenias (in 94% of 
the patients) and infections (in 32%). Grade 3 or higher cytokine release syndrome 
and neurologic events occurred in 15% and 31% of patients, respectively; none were 
fatal. Two grade 5 infectious adverse events occurred.

CONCLUSIONS
KTE-X19 induced durable remissions in a majority of patients with relapsed or 
refractory mantle-cell lymphoma. The therapy led to serious and life-threatening 
toxic effects that were consistent with those reported with other CAR T-cell ther
apies. (Funded by Kite, a Gilead company; ZUMA-2 ClinicalTrials.gov number, 
NCT02601313.)
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Mantle-cell lymphoma is a B-cell 
non-Hodgkin’s lymphoma that gener-
ally has an aggressive clinical course.1,2 

Bruton’s tyrosine kinase (BTK) inhibitors have 
greatly improved outcomes in patients with re-
lapsed or refractory mantle-cell lymphoma,3,4 yet 
patients who have disease progression after the 
receipt of BTK inhibitor therapy have a very poor 
prognosis, with an objective response occurring 
in 25 to 42% of patients and a median overall 
survival of 6 to 10 months with salvage ther
apies.2,5-7 Although allogeneic stem-cell trans-
plantation is an option for some patients with 
relapsed or refractory mantle-cell lymphoma, 
non–relapse-related mortality, even with reduced-
intensity conditioning therapy, remains high at 
10 to 24%.8

Recently, anti-CD19 chimeric antigen recep-
tor (CAR) T-cell therapies have shown consider-
able efficacy in patients with relapsed or refrac-
tory aggressive B-cell lymphoma.9-12 Among 
patients with refractory large B-cell lymphoma 
who were treated with axicabtagene ciloleucel, 
an autologous anti-CD19 CAR T-cell therapy con-
taining a CD3ζ T-cell activation domain and a 
CD28 signaling domain, 47% were alive after 39 
months of follow-up, and the median survival 
was 25.8 months.13 An earlier study that used 
this CAR T-cell construct showed promising ef-
ficacy in a patient with mantle-cell lymphoma 
who had a complete response that had been 
ongoing for more than 17 months as of the data-
cutoff date.14

Patients with a high content of leukemic 
blasts in the peripheral blood may have rela-
tively few T cells in the starting material used 
for the manufacturing of CAR T-cell products, 
which can lead to manufacturing failure.15 KTE-
X19 is an anti-CD19 CAR T-cell therapy pro-
duced in a manufacturing process that removes 
circulating CD19-expressing malignant cells for 
use in patients with leukemia or mantle-cell lym-
phoma. The removal of these cells reduces the 
possible activation and exhaustion of anti-CD19 
CAR T cells during the ex vivo manufacturing 
process. Considering the very poor prognosis 
with currently available therapies in patients 
with relapsed or refractory mantle-cell lympho-
ma after treatment with a BTK inhibitor, we initi-
ated the single-group, multicenter, open-label, 
phase 2 ZUMA-2 trial to evaluate KTE-X19 in 
patients with relapsed or refractory mantle-cell 

lymphoma. Here, we report the efficacy and 
safety results from the ZUMA-2 trial.

Me thods

Patients and Trial Design

We conducted this trial at 20 sites in the United 
States and Europe (see the Supplementary Ap-
pendix, available with the full text of this article 
at NEJM.org). Eligible adults (≥18 years of age) 
had histologically confirmed mantle-cell lym-
phoma with either cyclin D1 overexpression or 
presence of the translocation t(11;14) and had 
disease that was either relapsed or refractory to 
up to five previous regimens for mantle-cell lym-
phoma (see the Supplementary Methods section 
in the Supplementary Appendix). Previous ther
apy must have included anthracycline- or benda-
mustine-containing chemotherapy, an anti-CD20 
monoclonal antibody, and BTK inhibitor therapy 
with ibrutinib or acalabrutinib. BTK inhibitor 
therapy was not required to be the last line of 
therapy before trial entry, and patients were not 
required to have disease that was refractory to 
BTK inhibitor therapy. Eligible patients had an 
absolute lymphocyte count of at least 100 cells 
per cubic millimeter.

All the patients provided written informed 
consent, and the trial was conducted in accor-
dance with the principles of the Declaration of 
Helsinki. The trial protocol (available at NEJM.org) 
and statistical analysis plan were designed in a 
collaboration between the sponsor (Kite, a Gilead 
company) and the authors. The protocol was ap-
proved by the institutional review board at each 
site. The first draft of the manuscript was writ-
ten by the first author. Medical writing assis-
tance was funded by the sponsor. All the au-
thors, including both academic authors and those 
who are employees of the sponsor, contributed 
to the analysis and interpretation of the data.

All the patients underwent leukapheresis to 
obtain cells for KTE-X19 manufacturing. Condi-
tioning chemotherapy (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) was administered on 
days −5, −4, and −3 before a single intravenous 
infusion of KTE-X19 was administered at a dose 
of 2×106 CAR T cells per kilogram of body 
weight on day 0.

There was no phase 1 study. The dose of KTE-
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X19 was determined on the basis of studies of 
axicabtagene ciloleucel in patients with large B-cell 
lymphoma and of KTE-X19 in patients with 
acute lymphoblastic leukemia.10,16-18 After leuka-
pheresis and before conditioning therapy, patients 
who had a high disease burden could receive 
bridging therapy, at the investigator’s discretion, 
with dexamethasone or equivalent glucocorti-
coid, ibrutinib, or acalabrutinib (or a combination 
of glucocorticoid plus ibrutinib or acalabrutinib), 
after which repeat baseline positron-emission 
tomography–computed tomography (PET-CT) was 
performed. Bridging therapy was not intended to 
be curative but to keep the patient’s condition 
stable during the manufacturing period. Hospi-
talization after the infusion of KTE-X19 was re-
quired through day 7.

End Points and Assessments

The primary end point was the percentage of 
patients with an objective response (complete or 
partial response) as assessed by the independent 
radiology review committee according to the 
Lugano classification (see the Supplementary 
Methods section).19 Bone marrow evaluation in 
addition to PET-CT was necessary to confirm a 
complete response.19

Secondary end points included the duration 
of response, progression-free survival, overall 
survival, the percentage of patients with an inves-
tigator-assessed objective response according to 
the criteria of Cheson et al.,20 the incidence of 
adverse events, the levels of CAR T cells in blood 
and cytokines in serum, and changes in scores 
from baseline to month 6 in the five-level ver-
sion of the European Quality of Life–5 Dimen-
sions (EQ-5D) questionnaire. Details regarding 
disease and biomarker assessments are provided 
in the Supplementary Methods section. Minimal 
residual disease (sensitivity, 1 in 100,000 cells) 
was assessed as an exploratory analysis. Minimal 
residual disease was assessed in cryopreserved 
peripheral-blood mononuclear cells obtained at 
baseline and at months 1, 3, and 6 and was ana-
lyzed by means of next-generation sequencing 
with the use of the clonoSEQ assay (Adaptive 
Biotechnologies). We assessed various subgroups 
that were based on prognostic features, such as 
morphologic characteristics, the presence or ab-
sence of TP53 mutation, and the Ki-67 prolifera-
tion index (Ki-67 is a marker of cellular prolifera-
tion, as detected by immunohistochemical testing).

Statistical Analysis

The primary efficacy analysis was conducted 
after 60 patients had been enrolled, treated, and 
evaluated for response for 6 months after the 
week 4 disease assessment, as required by the 
protocol. This analysis had a power of at least 
96% to distinguish between an active therapy 
with 50% of patients having an objective re-
sponse and a therapy with which 25% or less of 
patients had a response, at a one-sided alpha 
level of 0.025. Per the protocol, all the efficacy 
end points were analyzed in the 60 treated pa-
tients in the primary efficacy analysis. Safety 
analyses included all the patients who had re-
ceived treatment. Associations between out-
comes and CAR T-cell and cytokine levels were 
measured with the use of the Wilcoxon rank-
sum test for two independent samples and with 
the Kruskal–Wallis test for the comparison of 
two or more independent samples. The P values 
and confidence intervals were not adjusted for 
multiple testing.

R esult s

Patients

From October 24, 2016, to April 16, 2019, a total 
of 74 patients were enrolled in the trial and un-
derwent leukapheresis. KTE-X19 was successfully 
manufactured for 71 patients (96%) and admin-
istered to 68 (92%) (Fig. S1 in the Supplemen-
tary Appendix). The median time from leuka-
pheresis to the delivery of KTE-X19 at the trial 
site was 16 days. A total of 3 patients for whom 
the manufacturing of KTE-X19 failed did not 
proceed to an additional apheresis owing to 
deep-vein thrombosis, death from progressive 
disease, or withdrawal of consent (in 1 patient 
each). Two patients who had successful manu-
facture of KTE-X19 died from progressive dis-
ease before the receipt of conditioning chemo-
therapy. After the receipt of conditioning 
chemotherapy, 1 patient with ongoing atrial fi-
brillation, an exclusion criterion, was deemed to 
be ineligible for KTE-X19 infusion. As of July 24, 
2019, the median follow-up among the patients 
in the primary efficacy analysis was 12.3 months 
(range, 7.0 to 32.3).

High-risk features were common at baseline, 
and most patients had received at least three 
previous lines of therapy (Table 1 and Tables S1 
and S2). All the patients had disease that was 
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refractory to BTK inhibitor therapy or had dis-
ease that had progressed during or after receipt 
of a BTK inhibitor. A total of 42 of 68 treated 
patients (62%) had disease that did not respond 
to BTK inhibitor therapy (primary refractory 
disease), and 18 (26%) had a relapse after having 
an initial response while receiving BTK inhibitor 
therapy; therefore, 88% of the treated patients 
had disease that was considered to be refractory 
to BTK inhibitor therapy. A total of 5 patients 

(7%) had a relapse after stopping BTK inhibitor 
therapy; 3 patients (4%) were unable to take 
ibrutinib owing to adverse events.

A total of 25 patients (37%) received bridging 
therapy with ibrutinib (14 patients), acalabruti-
nib (5), dexamethasone (12), or methylpredniso-
lone (2) (Table S3). A total of 23 patients under-
went radiologic imaging after bridging therapy; 
the median sum of the products of tumor diam-
eters after bridging therapy was 3275 mm2. The 
majority of the 17 patients who had assessments 
both before and after bridging therapy had an 
increase in the median tumor burden after the 
receipt of bridging therapy.

Efficacy

Among the first 60 treated patients who had at 
least 7 months of follow-up (as specified in the 
protocol), 93% (95% confidence interval [CI], 84 
to 98) had an objective response as assessed by 
the independent radiologic review committee, 
with 67% (95% CI, 53 to 78) having a complete 
response (Fig.  1A and Fig. S2). High concor-
dance (95%) was observed between rates as-
sessed by the independent radiologic review 
committee and those assessed by the investiga-
tor (Table S4). Among all 74 enrolled patients, 
85% had an objective response, with 59% having 
a complete response. The percentages of pa-
tients with an objective response were consistent 
among key subgroups, including patients with 
high-risk features (Fig. 2). The median time to 
an initial response was 1.0 month (range, 0.8 
to 3.1), and the median time to a complete re-
sponse was 3.0 months (range, 0.9 to 9.3). 
Among the 42 patients who initially had a par-
tial response or stable disease, 24 patients 
(57%), including 21 with an initial partial re-
sponse and 3 with stable disease, subsequent-
ly had a complete response after a median of 
2.2 months (range, 1.8 to 8.3) after the initial 
response; 17 patients were continuing to have a 
response as of the data-cutoff date (median fol-
low-up, 12.3 months).

Minimal residual disease was analyzed in 29 
of 74 patients (39%); 24 of these 29 patients 
(83% [19 patients with a complete response and 
5 with a partial response]) had no detectable 
residual disease (i.e., <1 in 100,000 cells) at week 
4, and 15 of 19 patients (79%) with available 
data had negative results at month 6. Two pa-

Table 1. Baseline Characteristics of All 68 Treated Patients.*

Characteristic Patients

Median age (range) — yr 65 (38–79)

Intermediate or high risk according to Simplified MIPI  
— no. (%)†‡

38 (56)

Blastoid or pleomorphic morphologic characteristics of MCL 
— no. (%)

21 (31)

Ki-67 proliferation index ≥30% — no./total no. (%)‡ 40/49 (82)

TP53 mutation — no. (%) 6/36 (17)

Positive CD19 status — no./total no. (%) 47/51 (92)

Median no. of previous therapies (range)§ 3 (1–5)

≥3 Previous lines of therapy — no. (%) 55 (81)

Previous autologous stem-cell transplantation — no. (%) 29 (43)

Previous BTK inhibitor therapy — no. (%)§   68 (100)

Ibrutinib 58 (85)

Acalabrutinib 16 (24)

Both 6 (9)

Relapsed or refractory disease — no. (%)

Relapse after autologous stem-cell transplantation 29 (43)

Refractory to most recent previous therapy 27 (40)

Relapse after most recent previous therapy 12 (18)

Disease that relapsed or was refractory to BTK  
inhibitor therapy — no. (%)

  68 (100)

Refractory to BTK inhibitor therapy 42 (62)

Relapse during BTK inhibitor therapy 18 (26)

Relapse after BTK inhibitor therapy 5 (7)

Could not take BTK inhibitor therapy because of  
adverse events¶

3 (4)

*	�BTK denotes Bruton’s tyrosine kinase, and MCL mantle-cell lymphoma.
†	�The Simplified Mantle Cell Lymphoma International Prognostic Index (MIPI) 

is used in patients with mantle-cell lymphoma to assess risk on the basis of 
age, Eastern Cooperative Oncology Group performance-status score, lactate 
dehydrogenase level, and white-cell count.

‡	�This value was assessed at the time of diagnosis.
§	� Induction plus consolidation or maintenance therapy or all treatments occur-

ring between sequential complete responses were counted as one regimen.
¶	�Patients had a relapse after or had disease that was refractory to subsequent 

therapies before trial entry.
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tients who had disease progression after having 
an objective response to KTE-X19 received a 
second infusion approximately 1 year and 1.3 
years after the initial infusion; analysis in these 
patients is ongoing.

A total of 57% of all the patients in the pri-
mary efficacy analysis and 78% of the patients 
who had a complete response were in remission 
as of the data-cutoff date (Fig. 1B). The first 28 
patients who were treated had a median follow-
up of 27.0 months (range, 25.3 to 32.3), with 
43% having a continued remission without ad-
ditional therapy. The percentages of patients 
with an ongoing response were also consistent 

across key covariates (Fig. S3). The 3 patients 
who had CD19-negative tumors at baseline and 
were included in the primary efficacy analysis 
had a complete response and were in remission 
as of the data-cutoff date.

At 12 months, the estimated progression-free 
survival and overall survival were 61% and 83%, 
respectively (Fig. 1C and 1D). Subgroup analysis 
showed that progression-free survival at 6 months 
was consistent among patients with poor prog-
nostic features, including pleomorphic morpho-
logic characteristics, TP53 mutation, or a Ki-67 
proliferation index of 50% or higher (Figs. S4 
and S5 and Table S5).

Figure 1. Objective Response, Duration of Response, Progression-free Survival, and Overall Survival.

Panel A shows the numbers and percentages of patients who had an objective response (complete response or partial response) among 
the 60 patients who had been treated with KTE-X19 and were included in the primary efficacy analysis. Panel B shows the Kaplan–Meier 
estimate of the duration of response, as assessed on the basis of review by the independent radiologic review committee, among the 56 
patients in the primary efficacy analysis who had a response. Tick marks indicate censored data. Kaplan–Meier estimates of progression-
free survival and overall survival among the 60 patients who were included in the primary efficacy analysis are shown in Panels C and D, 
respectively. NE denotes could not be estimated.
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At the time of this analysis, 76% of all 68 
treated patients were alive. Among the patients 
who had a response, progressive disease devel-
oped in 14. One patient who had a partial re-
sponse underwent allogeneic stem-cell trans-
plantation.

Safety

All 68 treated patients had at least one adverse 
event of any grade, with adverse events of grade 
3 or higher occurring in 99% of the patients 
(Table 2). The most common adverse events of 
grade 3 or higher were cytopenias (in 94% of the 
patients) and infections (in 32%). Grade 3 or 
higher cytopenias included neutropenia (in 85% 

Figure 2 (facing page). Subgroup Analysis of Objective 
Response.

Shown is the analysis of objective response according 
to key baseline and clinical covariates. The Clopper–
Pearson method was used to calculate the 95% confi-
dence interval (not adjusted for multiplicity). Ki-67 is a 
marker of cellular proliferation, as detected by immuno-
histochemical testing. Tumor burden was assessed as 
the sum of the product diameters. The Simplified Mantle 
Cell Lymphoma International Prognostic Index (MIPI) 
is used in patients with mantle-cell lymphoma to assess 
risk on the basis of age, Eastern Cooperative Oncology 
Group performance-status score, lactate dehydrogenase 
(LDH) level, and white-cell count. BTK denotes Bruton’s 
tyrosine kinase, MCL mantle-cell lymphoma, SCT stem-cell 
transplantation, and ULN upper limit of the normal range.

Table 2. Adverse Events among All 68 Treated Patients.*

Event Any Grade Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

number of patients (percent)

Any adverse event 68 (100) 0 1 (1) 11 (16) 54 (79) 2 (3)

Pyrexia 64 (94) 14 (21) 41 (60) 9 (13) 0 0

Neutropenia 59 (87) 0 1 (1) 11 (16) 47 (69) 0

Thrombocytopenia 50 (74) 9 (13) 6 (9) 11 (16) 24 (35) 0

Anemia 46 (68) 0 12 (18) 34 (50) 0 0

Hypotension 35 (51) 4 (6) 16 (24) 13 (19) 2 (3) 0

Chills 28 (41) 17 (25) 11 (16) 0 0 0

Hypoxemia 26 (38) 2 (3) 10 (15) 8 (12) 6 (9) 0

Cough 25 (37) 14 (21) 11 (16) 0 0 0

Hypophosphatemia 25 (37) 2 (3) 8 (12) 15 (22) 0 0

Fatigue 24 (35) 10 (15) 13 (19) 1 (1) 0 0

Headache 24 (35) 15 (22) 8 (12) 1 (1) 0 0

Tremor 24 (35) 19 (28) 5 (7) 0 0 0

Hypoalbuminemia 23 (34) 5 (7) 17 (25) 1 (1) 0 0

Hyponatremia 22 (32) 15 (22) 0 7 (10) 0 0

Nausea 22 (32) 11 (16) 10 (15) 1 (1) 0 0

Alanine aminotransferase increased 21 (31) 13 (19) 2 (3) 5 (7) 1 (1) 0

Encephalopathy 21 (31) 5 (7) 3 (4) 7 (10) 6 (9) 0

Hypokalemia 21 (31) 12 (18) 4 (6) 3 (4) 2 (3) 0

Tachycardia 21 (31) 14 (21) 7 (10) 0 0 0

*	�The first row (Any adverse event) shows the worst grade of adverse event in each of the 68 treated patients. All rows subsequent to the first 
row show adverse events of any grade that occurred in at least 30% of the patients. Severity of adverse events was graded according to the 
National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03. Regarding the grade 5 events, 1 patient died from 
organizing pneumonia related to conditioning chemotherapy, and 1 from staphylococcus bacteremia related to conditioning chemotherapy 
and KTE-X19 therapy.
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of patients), thrombocytopenia (51%), and ane-
mia (50%). A total of 26% of the patients had 
cytopenias of grade 3 or higher more than 90 
days after the administration of KTE-X19, in-
cluding neutropenia (in 16% of patients), throm-
bocytopenia (16%), and anemia (12%). The cyto-
kine release syndrome occurred in 91% of the 
patients (Table 3). No patient died from cytokine 
release syndrome. Most cases were grade 1 or 2 
(in 76% of patients), with cases of grade 3 or 
higher occurring in 15% of the patients. For the 
management of cytokine release syndrome, 59% 
of all treated patients received tocilizumab, 22% 
received glucocorticoids, and 16% received vaso-
pressors. The median time after infusion to the 
onset of cytokine release syndrome of any grade 
was 2 days (range, 1 to 13); the corresponding 
interval to the onset of cytokine release syndrome 
of grade 3 or higher was 4 days (range, 1 to 9). 
All events resolved within a median of 11 days.

A total of 63% of patients had neurologic 
events (Table 3). No patient died from a neuro-
logic event. Neurologic events of grade 1 or 2 

occurred in 32% of the patients and events of 
grade 3 or higher in 31%. One patient had grade 4 
cerebral edema and fully recovered with aggres-
sive multimodality therapy including ventriculos-
tomy. For the management of neurologic events, 
26% of all treated patients received tocilizumab 
and 38% received glucocorticoids. The median 
time to the onset of a neurologic event of any 
grade was 7 days (range, 1 to 32); the corre-
sponding interval to the onset of a neurologic 
event of grade 3 or higher was 8 days (range, 5 to 
24). The median duration of a neurologic event 
was 12 days, with events fully resolving in 37 of 
43 patients (86%). As of this analysis, 4 patients 
had ongoing symptoms, including grade 1 tremor 
(in 3 patients), grade 2 concentration impair-
ment (in 1), and grade 1 dysesthesia (in 1).

A total of 68% of patients had serious adverse 
events (Table S6). Infection of grade 3 or higher 
occurred in 32% of the patients, with the most 
common being pneumonia (in 9%) (Table S7). 
Two cases of grade 2 cytomegalovirus infection 
occurred (3% of patients). Grade 3 hypogamma-

Table 3. Cytokine Release Syndrome and Neurologic Events among All 68 Treated Patients.*

Event Any Grade Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

number of patients (percent)

Symptom of cytokine release syndrome

Any 62 (91) 20 (29) 32 (47) 8 (12) 2 (3) 0

Pyrexia 62 (91) 15 (22) 40 (59) 7 (10) 0 0

Hypotension 35 (51) 4 (6) 16 (24) 14 (21) 1 (1) 0

Hypoxemia 23 (34) 1 (1) 10 (15) 8 (12) 4 (6) 0

Chills 21 (31) 12 (18) 9 (13) 0 0 0

Tachycardia 16 (24) 11 (16) 5 (7) 0 0 0

Headache 15 (22) 7 (10) 8 (12) 0 0 0

Alanine aminotransferase increased 10 (15) 5 (7) 1 (1) 3 (4) 1 (1) 0

Aspartate aminotransferase increased 9 (13) 4 (6) 0 5 (7) 0 0

Fatigue 9 (13) 6 (9) 2 (3) 1 (1) 0 0

Nausea 9 (13) 5 (7) 4 (6) 0 0 0

Neurologic event 43 (63) 13 (19) 9 (13) 15 (22) 6 (9) 0

Tremor 24 (35) 19 (28) 5 (7) 0 0 0

Encephalopathy 21 (31) 5 (7) 3 (4) 7 (10) 6 (9) 0

Confusional state 14 (21) 3 (4) 3 (4) 8 (12) 0 0

Aphasia 10 (15) 3 (4) 4 (6) 3 (4) 0 0

*	�Shown are events of any grade that occurred in at least 15% of the patients and events of grade 3 or higher that occurred in at least 4% of 
the patients. Cytokine release syndrome was graded according to Lee et al.21 The severity of neurologic events and symptoms of cytokine 
release syndrome were graded with the use of the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03.
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globulinemia and grade 3 tumor lysis syndrome 
occurred in 1 patient (1%) each. A total of 22 
patients (32%) received intravenous immune 
globulin therapy. No cases of replication-compe-
tent retrovirus, Epstein–Barr virus–associated 
lymphoproliferation, hemophagocytic lymphohis-
tiocytosis, or KTE-X19–related secondary cancers 
were reported. EQ-5D scores revealed decreases 
from baseline in patient-reported health-related 
quality of life at week 4; better scores in mobil-
ity, self-care, usual activities, and overall health 
(patients’ perception of their overall health was 
assessed according to the EQ-5D visual-analogue 
scale) were observed by month 3, with overall 
health returning to baseline status or better in 
most patients by month 6 (Table S8).

A total of 16 patients (24%) who received 
KTE-X19 died, primarily from progressive dis-
ease (14 patients [21%]). Two patients (3%) had 
grade 5 adverse events, including organizing 
pneumonia related to conditioning chemotherapy 
(in 1) and staphylococcus bacteremia related to 
conditioning chemotherapy and KTE-X19 ther-
apy (in 1).

Biomarker Analysis

The median time to peak anti-CD19 CAR T-cell 
levels was 15 days (range, 8 to 31) after the infu-
sion of KTE-X19 (Fig. S7A); cells were still de-
tectable at 24 months in 6 of 10 patients (60%) 
who had samples that could be evaluated at the 
time of this analysis. CAR T-cell persistence in 
blood showed a decrease over time in patients 
who had an ongoing response (Fig. S8). Of the 
34 patients who had an ongoing response at 
6 months, B cells were detectable by flow cytom-
etry in 21 (62%), and gene-marked CAR T cells 
were no longer detectable in 6 (18%). All 4 pa-
tients who did not have a response had detect-
able B cells at baseline; none had B-cell aplasia 
at any point during the trial. Of the 14 patients 
who had a relapse, 13 (93%) had detectable 
CD19 at relapse. Of the 7 patients who provided 
samples at the time of relapse, CAR T cells were 
still detectable in the blood of 5 patients at levels 
well below the peak of expansion and showed no 
evidence of a secondary expansion.

Although there was no association with base-
line tumor burden, expansion was associated 
with response (P = 0.004), with an area under the 
curve (AUC) and peak level that were more than 
200 times as high among patients with a re-

sponse as among those without a response; the 
peak level and AUC were more than 80 times as 
high among patients without minimal residual 
disease as among those with minimal residual 
disease at week 4. For patients with cytokine 
release syndrome and neurologic events, expan-
sion was greater in those who had events of 
grade 3 or higher than in those who had events 
of grade 2 or lower, and the highest peak and 
AUC values were noted in patients receiving 
tocilizumab, with or without glucocorticoids. 
The median time to peak levels of cytokines was 
8 days; most values resolved to baseline levels by 
28 days. Elevated levels of serum granulocyte–
macrophage colony-stimulating factor and inter-
leukin-6 were associated with grade 3 or higher 
cytokine release syndrome and neurologic events. 
Elevated levels of serum ferritin were associated 
only with grade 3 or higher cytokine release 
syndrome, whereas serum interleukin-2 and 
interferon-γ were associated only with neuro-
logic events of grade 3 or higher. Cerebrospinal 
fluid cytokine analysis revealed higher levels of 
C-reactive protein, ferritin, interleukin-6, inter-
leukin-8, and vascular-cell adhesion molecule 1 in 
patients with grade 3 or higher neurologic 
events. Induction of anti-CAR antibodies was 
not observed in any patient. (Data are shown in 
Figs. S7, S9, S10, and S11.)

Discussion

The treatment of patients with relapsed or re-
fractory mantle-cell lymphoma whose disease is 
resistant to BTK inhibitor therapy can be a thera-
peutic challenge. Retrospective studies evaluat-
ing salvage therapy after the failure of BTK in-
hibitor therapy in patients with relapsed or 
refractory mantle-cell lymphoma have shown 
low response rates and a median overall survival 
of 6 to 10 months.5,6 In the ZUMA-2 trial, among 
the protocol-specified 60 patients with relapsed 
or refractory mantle-cell lymphoma, KTE-X19 
resulted in an objective response in 93% of the 
patients and in a complete response in 67%; the 
majority of these patients had disease that was 
refractory to or that had relapsed after the re-
ceipt of BTK inhibitor therapy. In the intention-
to-treat analysis involving 74 patients, 85% of 
the patients had an objective response. This per-
centage of patients with a response, which in-
cludes 59% of those with a complete response, 
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after a single infusion is promising in this popu-
lation of patients. A total of 57% of all the pa-
tients in the primary efficacy analysis and 78% 
of those who had a complete response were 
continuing to have a response after a median 
follow up of 12.3 months.

The percentages of patients with an objective 
response, including an ongoing response, were 
generally similar in the key subgroups, includ-
ing patients who had high-risk features. A recent 
study of ibrutinib plus rituximab therapy in pa-
tients with relapsed or refractory mantle-cell 
lymphoma showed that 88% of the patients had 
an objective response and 58% had a complete 
response.22 However, among patients with a Ki-67 
proliferation index of 50% or higher, 50% of the 
patients had an objective response and 17% had 
a complete response, and the 3-year progression-
free survival was 1%.22,23 Similarly, patients in that 
study who had blastoid morphologic features 
and high scores (indicating high risk) on the 
Mantle-Cell Lymphoma International Prognostic 
Index (MIPI) had poor outcomes. In our trial, a 
high percentage of patients who had a Ki-67 
proliferation index of 50% or higher had an ob-
jective response, as did patients who had blas-
toid or pleomorphic morphologic features or TP53 
mutation, which suggests that KTE-X19 may 
benefit patients who typically have a poorer 
prognosis than patients without these character-
istics.

Although it is possible that bridging therapy 
could contribute to the antitumor effects ob-
served, the majority of the patients’ PET-CT scans 
after bridging therapy showed an increase in 
tumor burden. All the patients who had an ob-
jective response after CAR T-cell infusion had 
robust T-cell expansion and also had B-cell apla-
sia at the first assessment, in contrast to the 
patients who did not have an objective response. 
The percentages of patients with a response were 
also similar regardless of exposure to bridging 
therapy. As observed in earlier studies,10,11 peak 
and AUC CAR T-cell levels correlated with re-
sponse in the first 28 days, which suggests that 
higher expansion led to better and perhaps 
deeper responses as indicated by the peak level 
and AUC that were more than 80 times as high 
among patients without minimal residual dis-
ease than among those with minimal residual 
disease. Conditioning chemotherapy with fluda-
rabine and cyclophosphamide may have contrib-

uted toward the response findings, and both 
agents have led to favorable responses in a study 
involving patients with mantle-cell lymphoma.24 
However, in that study, the median progression-
free survival after the administration of these 
chemotherapy agents was relatively short (4.8 
months), and the doses were much higher than 
those used for conditioning chemotherapy in our 
trial.24 The correlations between the percentage 
of patients with a response and the peak level 
and AUC for CAR T cells and the prolonged du-
ration of response in our trial, with patients alive 
at 24 to 30 months, suggest that any benefit 
conferred by the conditioning chemotherapy was 
probably marginal as compared with that of 
KTE-X19.

Data are limited regarding other treatment 
approaches for relapsed or refractory mantle-cell 
lymphoma in patients who have received a BTK 
inhibitor, although single-agent venetoclax and 
the R-BAC regimen (rituximab, bendamustine, 
and cytarabine) have shown efficacy. A retro-
spective study of venetoclax therapy, which was 
administered on a compassionate-use basis in 20 
patients with mantle-cell lymphoma who dis-
continued BTK inhibitor therapy, showed that 
53% of the patients had a response and 18% had 
a complete response; patients had a relatively short 
duration of response, progression-free survival, 
and overall survival (8.1 months, 3.2 months, 
and 9.4 months, respectively).25 In a retrospec-
tive study of R-BAC therapy in 35 patients with 
mantle-cell lymphoma after BTK inhibitor ther-
apy, 82% of the patients had a response (com-
plete response plus unconfirmed complete re-
sponse in 56%), with a median progression-free 
survival of 9.3 months and a median overall 
survival of 12.2 months.26 It is difficult to draw 
comparisons between these studies given differ-
ent study designs and end-point confirmation.

The incidence of grade 3 or higher cytokine 
release syndrome and neurologic events was 
similar to the incidence that has been reported 
previously with anti-CD19 CAR T-cell therapies 
in patients with aggressive lymphoma.10,11 No 
patients died from cytokine release syndrome or 
neurologic events, and most symptoms occurred 
early and were generally reversible. Associations 
between toxic effects and peak levels of CAR 
and myeloid-cell–related serum cytokines, chemo-
kines, and effector molecules were consistent 
with previously published data from studies in-
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volving a similar CAR construct in B-cell lym-
phoma.10,14 One case of grade 4 cerebral edema 
occurred; the patient had a full recovery and was 
in complete remission at 24 months of follow-up 
with no unresolved neurologic sequelae. Patient-
reported outcomes suggested no long-term qual-
ity-of-life deficits after the receipt of KTE-X19 
therapy.

The rapid expansion of CAR T cells and 
gradual decrease to undetectable levels over time 
are consistent with the known mechanism of 
action of anti-CD19 CAR T cells that have CD28 
and CD3ζ costimulatory domains. B-cell recov-
ery was observed in the majority of patients who 
had an ongoing response at 6 months (21 of 34 
patients [62%]), and CAR T-cell levels remained 
detectable in 82% of those patients. The recovery 
of B cells in patients with mantle-cell lymphoma 
in our trial is consistent with that reported pre-
viously with anti-CD19 CAR T-cell therapy in 
patients with refractory large B-cell lymphoma, 
which suggests that durable responses may not 
depend on long-term persistence of functional 
CAR T cells.9

Finally, the manufacturing of CAR T products 

in patients with a highly proliferative tumor with 
circulating blasts and leukemic cells continues 
to be a challenge. In our trial, 96% of the pa-
tients had a dose successfully manufactured, 
with KTE-X19 delivered to the site in a median 
of 16 days after apheresis.

This trial showed that a single infusion of 
KTE-X19 was capable of inducing durable remis-
sions in patients with relapsed or refractory 
mantle-cell lymphoma after the failure of BTK 
inhibitor therapy. The trial therapy led to serious 
and life-threatening toxic events that are largely 
consistent with those reported in previous stud-
ies of anti-CD19 CAR T-cell therapies in patients 
with aggressive B-cell lymphoma.10,11
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