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abstract

PURPOSE Brexucabtagene autoleucel (KTE-X19) autologous anti-CD19 chimeric antigen receptor (CAR) T-cell
therapy is approved for the treatment of relapsed/refractory mantle cell lymphoma (MCL). Outcomes after a 3-year
follow-up in the pivotal ZUMA-2 study of KTE-X19 in relapsed/refractory MCL are reported, including for subgroups
by prior therapy (bendamustine and type of Bruton tyrosine kinase inhibitor [BTKi]) or high-risk characteristics.

METHODS Patients with relapsed/refractory MCL (one to five prior therapies, including prior BTKi exposure)
received a single infusion of KTE-X19 (2 3 106 CAR T cells/kg).

RESULTS After a median follow-up of 35.6 months, the objective response rate among all 68 treated patients was
91% (95% CI, 81.8 to 96.7) with 68% complete responses (95% CI, 55.2 to 78.5); medians for duration of
response, progression-free survival, and overall survival were 28.2 months (95% CI, 13.5 to 47.1), 25.8 months
(95% CI, 9.6 to 47.6), and 46.6months (95% CI, 24.9 to not estimable), respectively. Post hoc analyses showed
that objective response rates and ongoing response rates were consistent among prespecified subgroups by
prior BTKi exposure or high-risk characteristics. In an exploratory analysis, patients with prior bendamustine
benefited from KTE-X19, but showed a trend toward attenuated T-cell functionality, with more impact of
bendamustine given within 6 versus 12 months of leukapheresis. Late-onset toxicities were infrequent; only 3%
of treatment-emergent adverse events of interest in ZUMA-2 occurred during this longer follow-up period.
Translational assessments revealed associations with long-term benefits of KTE-X19 including high-peak CAR
T-cell expansion in responders and the predictive value of minimal residual disease for relapse.

CONCLUSION These data, representing the longest follow-up of CAR T-cell therapy in patients with MCL to date,
suggest that KTE-X19 induced durable long-term responses with manageable safety in patients with relapsed/
refractory MCL and may also benefit those with high-risk characteristics.
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INTRODUCTION

Despite recent therapeutic advances in mantle cell
lymphoma (MCL), most treatments provide limited du-
ration responses, indicating high unmet need for novel
therapies.1-7 In patients who discontinue the Bruton ty-
rosine kinase inhibitor (BTKi) ibrutinib because of pro-
gressive disease or intolerance, reports indicate that the
median overall survival (OS) ranges from 2.5 to
14.2 months.8-12 MCL prognosis depends on MCL risk
factors, with important high-risk factors including blastoid
variant,13,14 high Ki-67 proliferation index (PI),15 tumor
protein p53 gene (TP53) mutation16 or high P53 ex-
pression,17 and disease progression within 24 months

after initial diagnosis (POD24).18,19 Patients with these
characteristics have limited treatment options and poor
outcomes, with a median OS of 6.6 months to 4 years
after initial therapy7,18-20 In addition, treatments in pre-
vious lines may affect outcomes with subsequent ther-
apies; for example, bendamustine-containing treatments
may be associated with reduced T-cell number and
function, potentially affecting cellular therapies.21

ZUMA-2 (ClinicalTrials.gov identifier: NCT02601313) is
a pivotal, single-arm, multicenter, phase II trial of the
autologous anti-CD19 chimeric antigen receptor (CAR)
T-cell therapy brexucabtagene autoleucel (KTE-X19) in
patients with heavily pretreated MCL that was relapsed/
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refractory to one to five prior therapies, including a BTKi
(ibrutinib or acalabrutinib).22 With a median follow-up of
12.3 months, the primary efficacy analysis demonstrated a
93% objective response rate (ORR) by an independent ra-
diologic review committee (IRRC), including a 67% complete
response (CR) rate.22 On the basis of these results, KTE-X19
was approved in the United States and Europe for the
treatment of adults with relapsed/refractory MCL.10,23

Here, long-term efficacy, safety, and pharmacology of KTE-
X19 are reported in patients with relapsed/refractory MCL
with a median follow-up of 35.6 months in ZUMA-2. In
addition, post hoc analyses of outcomes and the phar-
macologic and pharmacodynamic profile of KTE-X19 in
subgroups by prior bendamustine, prior BTKi exposure
type, and high-risk disease characteristics are reported,
accompanied by product attribute characterization.

METHODS

Patients and Study Design

Detailed study procedures for the pivotal, multicenter,
single-arm ZUMA-2 study (ClinicalTrials.gov identifier:
NCT02601313) have been reported (Data Supplement,
online only).22 Briefly, patients ($ 18 years) had histo-
logically confirmed MCL that was relapsed/refractory to one
to five prior regimens. Patients must have received prior
anthracycline-containing or bendamustine-containing
chemotherapy, an anti-CD20 monoclonal antibody, and
BTKi therapy (ibrutinib or acalabrutinib). The trial was
conducted in accordance with the principles of the Dec-
laration of Helsinki, the Protocol (online only) was approved
by each site’s institutional review board, and all patients
provided written informed consent.

After leukapheresis and before conditioning therapy, pa-
tients with high disease burden could receive bridging

therapy with steroids or BTKi at investigators’ discretion.22

Conditioning chemotherapy (fludarabine 30 mg/m2 once a
day; cyclophosphamide 500 mg/m2 once a day) was ad-
ministered intravenously on days –5, –4, and –3. On day 0,
KTE-X19 was given as a single intravenous infusion (target
dose: 2 3 106 CAR T cells/kg).

End Points and Assessments

The primary end point was ORR (partial response [PR] or
CR) as assessed by IRRC (Lugano classification).22,24

Secondary end points included duration of response
(DOR), progression-free survival (PFS), OS, adverse event
(AE) incidence, blood CAR T-cell levels, and serum cyto-
kine levels. Minimal residual disease (MRD) was assessed
as an exploratory end point using next-generation se-
quencing (sensitivity: 1 in 105 cells), as previously de-
scribed (Data Supplement).22 Post hoc assessment of
subgroups was performed on the basis of prognostic fea-
tures, including MCL morphology (classical, blastoid, or
pleomorphic), Ki-67 PI (, 30%, $ 30%, , 50%,
and $ 50%), TP53 mutation (present or not [next-
generation sequencing]), POD24 status (yes/with or no/
without), MRD status at month 6 (positive v negative), and
prior BTKi exposure (ibrutinib, acalabrutinib, or both). An
exploratory analysis examined the impact of timing of prior
bendamustine exposure.

Statistical Analysis

End points are reported in all patients treated with any dose
of CAR T cells (all-treated population). The intention-to-
treat (ITT) population comprised all enrolled (leukapher-
esed) patients. Time-to-event end points were analyzed
using the Kaplan-Meier method. Comparisons across
subgroups used the Kruskal-Wallis test; if significant,
Dunn’s post hoc test was used to compare between groups.

CONTEXT

Key Objective
Relapsed/refractory mantle cell lymphoma (MCL) remains an area of high unmet need despite availability of novel therapies

like Bruton tyrosine kinase inhibitors (BTKis). Survival times are particularly low for patients who discontinue BTKis. This
study examined long-term outcomes after a single infusion of the chimeric antigen receptor T-cell therapy brex-
ucabtagene autoleucel (KTE-X19) in patients with relapsed/refractory MCL with prior BTKi exposure, including those with
high-risk characteristics. These 3-year follow-up data comprise the longest follow-up for chimeric antigen receptor T-cell
therapy in patients with MCL to date.

Knowledge Generated
Our findings demonstrate durable responses and sustained survival with a manageable safety profile for KTE-X19 in patients

with relapsed/refractory MCL. These findings were also seen in patients within prespecified subgroups, such as high-risk
characteristics or prior therapies.

Relevance
Durable outcomes suggest that the use of KTE-X19 in earlier lines of treatment may be beneficial for patients with relapsed/

refractory MCL, including those with high-risk characteristics.
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Further statistical analysis details are given in the Data
Supplement.

Propensity Score Matching to Examine Impact of Prior

Bendamustine Use

Exploratory post hoc propensity score matching25,26 was
performed to descriptively compare results among patients
on the basis of prior bendamustine use after balancing for
key characteristics: age, baseline tumor burden, Eastern
Cooperative Oncology Group performance status, simpli-
fied MCL international prognostic index score, number of
prior lines of chemotherapy, prior acalabrutinib, prior
ibrutinib, and POD24 status. Four subgroup comparisons
were performed: no use before leukapheresis versus use
within 6 months, . 6 months, within 12 months,
and . 12 months.26

RESULTS

Patients

As previously reported, 74 patients were enrolled and
leukapheresed.22 KTE-X19 was successfully manufactured
for 71 patients (96%); 68 received KTE-X19. As of July 24,
2021 (data cutoff), the median follow-up was 35.6 (range,
25.9-56.3) months. Baseline characteristics of the all-
treated and ITT populations have been reported.22 High-
risk features were common. Baseline characteristics be-
tween subgroups are described in the Data Supplement.

Updated Analysis in the All-Treated Population

The ORR (IRRC) in the all-treated population was 91%
(95% CI, 81.8 to 96.7); CR and PR rates were 68% (95%
CI, 55.2 to 78.5) and 24% (95% CI, 14.1 to 35.4), re-
spectively (Table 1). Twenty-five patients converted to CR
after initial stable disease or PR (median time to response
conversion, 2.3 months). Responses were durable; the
median DOR was 28.2 months among the 62 responders
(Fig 1A). At data cutoff, 37% of treated patients remained in
ongoing response (all CR). Thirteen patients relapsed after
month 6. The median DOR was 46.7 months among pa-
tients with CR (n5 46) and 2.2 months in patients with PR
(n5 16). In the first 28 patients treated (median follow-up,
51.1 months), the median DOR was 36.5 months in the 26
responders; 29% remained in ongoing response.

The median PFS in the all-treated population was
25.8 months (Fig 1B). In patients whose best response was
CR, PR, and no response, the median PFS was 48.0, 3.1,
and 2.3 months, respectively. With 58 of 62 responding
patients (94%) achieving response at the postinfusion week
4 visit, PFS by response type was also assessed by a
landmark analysis at the week 4 visit, which yielded a
similar trend; the median PFS in patients with CR, PR, and
no response at the landmark was 46.7, 13.6, and
11.0 months, respectively (Data Supplement). Cumulative
incidence of relapse analysis during follow-up confirmed
that patients whose best response was CRwere less likely to

relapse than those with PR or no response (P, .0001; Data
Supplement). Only three patients relapsed past 24 months.
The median OS in the all-treated population was
46.6 months (Fig 1C). In patients whose best response was
CR, PR, and no response, the median OS was not reached
(NR), 16.3, and 8.5 months, respectively.

Of 19 MRD-assessable patients at month 6, 15 (79%) were
MRD-negative, with an ORR of 100%. Of the four MRD-
positive patients (21%), two achieved CR, one achieved
PR, and one had progressive disease. At data cutoff, DOR,
PFS, and OS medians among the MRD-positive patients
were 6.1, 7.1, and 27.0 months, respectively (Table 1). By
contrast, among MRD-negative patients, DOR, PFS, and
OS medians were NR at data cutoff; 60% remained in
ongoing response.

In the ITT population, the ORR was 84% (95% CI, 73.4 to
91.3), with a 62% CR rate (95% CI, 50.1 to 73.2) and a
22% PR rate (95% CI, 12.9 to 32.7). The median PFS was
24.0 months, and the median OS was 47.4 months (24-
month PFS rate, 49%; 30-month OS rate, 56%).

No new safety signals were observed in ZUMA-2 with longer
follow-up (Data Supplement). Only 3% of all treatment-
emergent AEs of interest occurred since the previous data
cutoff,22 with any-grade AEs in 18 patients (26%) and
grade$ 3 in 14 (21%). The most frequent grade$ 3 AE of
interest was neutropenia (one [1%] grade 3 and seven
[10%] grade 4). Grade $ 3 serious AEs occurred in seven
patients (10%; Data Supplement), including one patient
with grade 3 encephalopathy unrelated to KTE-X19 and two
patients with KTE-X19–related serious AEs: one with grade
3 pneumonia and grade 3 upper respiratory tract infection
and one with grade 3 influenza, indicating that infectious
disease might have been observed with longer follow-up.
Since the previous analysis, no patients experienced cy-
tokine release syndrome (CRS) or tumor lysis syndrome.
Three new fatal AEs occurred (none considered KTE-X19–
related): salmonella bacteremia (beginning 24.9 months
postinfusion) and two secondary malignancies (myelo-
dysplastic syndrome and acute myeloid leukemia; begin-
ning 25.2 and 37.5 months postinfusion, respectively).
There were no KTE-X19–related secondary malignancies or
replication-competent retrovirus cases. Twenty-six patients
(38%) received intravenous immunoglobulin.

CAR T-cell levels peaked at a median of 15 days post-
infusion.22 Median CAR T-cell levels plateaued at 0.19-0.34
cells/mL from months 6 to 18 (Data Supplement). Peak
CAR T-cell expansion was highest in patients with ongoing
responses versus those who relapsed at 24 months or
nonresponding patients (Fig 2A). Among evaluable patients
in ongoing response at months 18 and 24, B cells were
detectable in 35% and 53% and gene-marked CAR T cells
were detectable in 70% and 67%, respectively (Fig 1D). In
contrast to CAR T-cell detectability, MRD negativity at
months 1, 3, and 6 was associated with durable response
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TABLE 1. Summary of Efficacy and Durability Outcomes in the All-Treated Population and by Subgroup
Characteristic No. ORR, No. (%) CR, No. (%) PR, No. (%) SD, No. (%) PD, No. (%) mDOR, Months (95% CI) [No.] mPFS, Months (95% CI) [No.] mOS, Months (95% CI) [No.]

All-treateda 68 62 (91) 46 (68) 16 (24) 3 (4) 3 (4) 28.2 (13.5 to 47.1) [62] 25.8 (9.6 to 47.6) [68] 46.6 (24.9 to NE) [68]

Ki-67 PI, %

, 30 9 9 (100) 7 (78) 2 (22) 0 0 26.5 (3.6 to NE) [9] 27.5 (4.4 to NE) [9] NR (4.4 to NE) [9]

$ 30 43 39 (91) 31 (72) 8 (19) 2 (5) 2 (5) 45.6 (14.4 to NE) [39] 46.6 (9.6 to 48.0) [43] 47.6 (34.9 to NE) [43]

, 50 15 15 (100) 10 (67) 5 (33) 0 0 24.8 (3.6 to NE) [15] 25.8 (4.4 to NE) [15] 49.3 (24.0 to NE) [15]

$ 50 37 33 (89) 28 (76) 5 (14) 2 (5) 2 (5) 45.6 (10.4 to NE) [33] 46.6 (9.6 to NE) [37] 46.6 (34.9 to NE) [37]

TP53 mutation status

Mutation 6 6 (100) 6 (100) 0 0 0 NR (5.4 to NE) [6] NR (6.4 to NE) [6] NR (19.9 to NE) [6]

Wild-type 30 30 (100) 21 (70) 9 (30) 0 0 46.7 (8.3 to NE) [30] 47.6 (9.2 to NE) [30] NR (37.5 to NE) [30]

MCL morphology

Classical 40 37 (93) 26 (65) 11 (28) 1 (3) 2 (5) 24.8 (8.2 to 46.7) [37] 18.2 (7.8 to 47.6) [40] 47.6 (24.0 to NE) [40]

Pleomorphic 4 4 (100) 3 (75) 1 (25) 0 0 NR (1.6 to NE) [4] NR (2.6 to NE) [4] NR (12.6 to NE) [4]

Blastoid 17 14 (82) 9 (53) 5 (29) 2 (12) 1 (6) 13.5 (2.0 to NE) [14] 14.5 (3.0 to 48.0) [17] 22.9 (5.5 to NE) [17]

Prior BTKi

Ibrutinib 52 48 (92) 35 (67) 13 (25) 2 (4) 2 (4) 28.2 (10.4 to 46.7) [48] 25.8 (9.6 to 47.6) [52] 46.4 (22.9 to NE) [52]

Acalabrutinib 10 8 (80) 5 (50) 3 (30) 1 (10) 1 (10) 5.0 (1.6 to NE) [8] 5.6 (0.9 to NE) [10] NR (4.8 to NE) [10]

Both 6 6 (100) 6 (100) 0 0 0 NR (NE to NE) [6] NR (NE to NE) [6] NR (NE to NE) [6]

POD24 status

With POD24 33 31 (94) 22 (67) 9 (27) 1 (3) 1 (3) 17.1 (5.4 to 47.1) [31] 14.5 (6.4 to 47.6) [33] 36.1 (13.7 to NE) [33]

Without POD24 35 31 (89) 24 (69) 7 (20) 2 (6) 2 (6) 45.6 (14.4 to NE) [31] 29.3 (14.5 to NE) [35] NR (25.3 to NE) [35]

MRD status at month 6

Positive 4 3 (75) 2 (50) 1 (25) 0 1 (25) 6.1 (5.4 to NE) [3] 7.1 (0.9 to NE) [4] 27.0 (13.5 to NE) [4]

Negative 15 15 (100) 14 (93) 1 (7) 0 0 NR (10.4 to NE) [15] NR (11.3 to NE) [15] NR (46.4 to NE) [15]

Abbreviations: BTKi, Bruton tyrosine kinase inhibitor; CR, complete response; IRRC, independent radiologic review committee; MCL, mantle cell lymphoma; mDOR, median duration of response; mOS,
median overall survival; mPFS, median progression-free survival; MRD, minimal residual disease; NE, not evaluable; NR, not reached; ORR, objective response rate; PD, progressive disease; PI,
proliferation index; PR, partial response; SD, stable disease; TP53, tumor protein p53 gene; With POD24, progression of disease , 24 months after initial diagnosis; Without POD24, progression of
disease $ 24 months after initial diagnosis.

aSince the previous report,22 IRRC review determined that one patient who was previously reported as best response of PR had no disease at baseline; this patient is reported as PD in the current report.
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(Fig 2B). Area under the receiver operating characteristic
analysis further demonstrated the pronounced predictive
performance of MRD measured at months 3 and 6 in
estimating relapse potential (Fig 2C). Of six patients who
were MRD-positive at month 3, four relapsed and two did
not respond. Among the four patients who relapsed, re-
lapses occurred at 2.6, 3.1, 5.2, and 6.5 months. Of the
four patients who were MRD-positive at month 6, two were
MRD-positive at month 3; they relapsed at 6.5 and
29.7 months, respectively.

In the six patients reported to have grade 4 neurologic events
(NEs),22 three with concurrent grade 4 CRS, significantly

higher peak serum levels of interferon gamma (IFN-g), tumor
necrosis factor alpha, monocyte chemoattractant protein-1,
interleukin (IL)-2, and IL-6 were observed versus those
without NEs, with lack of reversion to baseline levels of IL-6 by
day 28 (Data Supplement).

Impact of Prior BTKi Exposure

Among patients treated with prior ibrutinib (n 5 52), prior
acalabrutinib (n5 10), and both (n5 6), the ORRwas 92%,
80%, and 100%, respectively (Table 1). DOR, PFS, and OS
medians (Table 1 and the Data Supplement) and safety
(Data Supplement) in each subgroup were largely similar to
those of the all-treated population. Higher peak CAR T-cell

Patients with CR/PR

0

62 53 49 44 43 39 37 35 33 31 30 29 22 20 19 14 13 12 12 11 10 10 10 7 1 1 1 0

46 43 43 40 39 35 33 32 31 29 28 27 20 18 17 13 12 11 11 10 9 9 9 7 1 1 1 0

16 10 6 4 4 4 4 3 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 0 0 0 0 0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

Patients with CR

No. at risk:

Du
ra

tio
n 

of
 R

es
po

ns
e 

(%
)

Time (months)

100

80

60

40

20

Patients with PR

Patients with CR/PR (n = 62)
Patients with CR (n = 46)
Patients with PR (n = 16)

28.2 (13.5 to 47.1)
46.7 (24.8 to NE)
2.2 (1.4 to 4.9)

Median DOR,

Months (95% CI)

A

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

No. at risk:

PF
S 

(%
)

Time (months)

100

80

60

40

20

Patients with CR

Patients with PR

Patients with NR

All-treated patients 68 62 51 47 44 40 39 38 34 34 32 30 24 20 19 15 13 12 12 11 11 10 10 9 4 1 1 0

46 45 43 42 39 35 34 33 31 31 29 28 22 18 17 14 12 11 11 10 10 9 9 8 4 1 1 0

16 14 7 4 4 4 4 4 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 0 0 0 0

6 3 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

All-treated patients (N = 68)
Patients with CR (n = 46)
Patients with PR (n = 16)
Patients with NR (n = 6)

25.8 (9.6 to 47.6)
48.0 (25.8 to NE)
3.1 (2.3 to 5.6)
2.3 (0.9 to NE)

Median PFS,

Months (95% CI)

52.9 (39.9 to 64.3)
71.8 (55.7 to 82.9)
18.8 (4.6 to 40.2)

ND

24-Month PFS Rate,

% (95% CI)

B

FIG 1. Outcomes for patients in the all-treated population (N 5 68) stratified by response and CAR T-cell persistence and B-cell aplasia over time in
patients with ongoing response. Responses were assessed by an independent radiologic review committee. (A) DOR. (B) PFS. (C) OS. (D) The proportion
of patients with or without detectable B cells and with or without detectable anti-CD19 CAR T cells are shown for all patients in ongoing response at data
cutoff. CAR, chimeric antigen receptor; CR, complete response; DOR, duration of response; ND, no data; NE, not estimable; NR, no response; OS, overall
survival; PFS, progression-free survival; PR, partial response.
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levels and area under the curve (AUC) were found in patients
who had received ibrutinib only versus acalabrutinib only
(Data Supplement). Peak immunomodulatory and
proinflammatory cytokine levels trended higher in patients
with prior ibrutinib versus those with prior acalabrutinib,
particularly for IFN-g and IL-6 (Data Supplement).

Impact of High-Risk Disease Characteristics

In high-risk subgroups, ORRs were generally consistent
(Table 1 and the Data Supplement); ongoing responses at
data cutoff are reported in Figure 3. The median DOR
exceeded 24 months or was NR in most subgroups and was
17.1 months in patients with POD24. PFS and OS medians
were similar acrossmost subgroups but trended lower among
patients with POD24 (Table 1 and the Data Supplement).
Some differences were noted with blastoid MCL or TP53
mutation although patient numbers were limited.

Any-grade and grade $ 3 AE rates were similar across
subgroups (Data Supplement). Grade $ 3 NEs were nu-
merically higher in patients with Ki-67 PI, 30% versus those

with Ki-67 PI $ 30% (67% v 30%) and in patients with
classical versus blastoidmorphology (38% v 18%). Grade$ 3
CRS was numerically higher in patients with versus without
TP53 mutation (33% v 7%) although numbers are small.

Peak CAR T-cell levels in blood were comparable between
Ki-67 PI , 50% and Ki-67 PI $ 50% groups (Data Sup-
plement) and between TP53-mutated and wild-type groups
(Data Supplement). Patients with POD24 trended toward
lower median peak CAR T-cell levels (53.4 cells/mL [range,
0.2-2,566] v 112.4 cells/mL [range, 0.2-2,589]) and me-
dian AUC values (583.4 cells/mL3 day [range, 1.8-27,744]
v 1,588.3 cells/mL 3 day [range, 3.8-27,239]) than those
without POD24 (Data Supplement), as did patients with Ki-
67 PI , 30% versus those with Ki-67 $ 30% (Data
Supplement). Patients with a blastoid morphology had
slightly lower median peak CAR T-cell and AUC levels than
those with a classical or pleomorphic morphology, sug-
gesting that inflammatory characteristics of blastoid MCL
may affect robust CAR T-cell expansion (Data Supple-
ment). Pharmacodynamic profiles in high-risk subgroups
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and pharmacokinetic/pharmacodynamic profiles in BTKi
subgroups are provided in the Data Supplement.

KTE-X19 T-cell memory phenotypes in the product were
generally comparable in the all-treated population and
across prognostic subgroups (Data Supplement). In line
with findings that robust CAR T-cell products yielding
higher expansion potential and improved treatment out-
comes harbor more naive T-cell populations,27 a trend was
observed where higher numbers of total infused naive
(CCR71CD45RA1) or naive and central memory
(CCR71CD45RA–) T cells were associated with ongoing
response in patients without POD24 versus those with

POD24 (Data Supplement). Similarly, trends toward fewer
terminally differentiated effector T-cell phenotypes were
observed in the Ki-67 PI , 30% subgroup.

Impact of Timing of Prior Bendamustine Exposure

More than half of treated patients (n 5 37 [54%]) received
prior bendamustine,22 and strong outcomes continued to be
observed in the overall population (Table 1). Themedian time
from last exposure to KTE-X19 infusion was 20.9 months
(range, 1.0-70.3 months; Data Supplement). In those with
and without prior bendamustine, the ORRwas 84% (CR rate,
58%) and 100% (CR rate, 77%), respectively. At data cutoff,
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29% and 48% of patients, respectively, remained in ongoing
response. In patients with andwithout prior bendamustine, the
median DORwas 28.2months and 46.7months, respectively,
but the two DOR curves were not statistically significantly
different (Data Supplement). Given reports of the potential for
bendamustine-containing treatments to reduce T-cell number
and function21 and the frequent use of bendamustine inMCL,4

we conducted an exploratory, hypothesis-testing, post hoc
evaluation of the impact of timing of prior bendamustine ex-
posure on KTE-X19 in a small subset of patients. Data re-
garding cumulative prior bendamustine doses for patients
were not available. Patients with prior bendamustine within
6 months of apheresis had lower peak CAR T-cell levels
postinfusion versus patients with prior bendamustine more
than 6months preapheresis or corresponding patients without
prior bendamustine (in matched patients [Table 2] and in all
patients [Fig 4]). Patients with prior bendamustine within
6 months had lower numbers of CD41 T cells in product,
levels of peak effector serum biomarkers, doubling time, and
incidence of grade$ 3 CRS and NEs. These trends were not
pronounced for patients with prior bendamustine within
12 months (Data Supplement). The observations from this
small exploratory post hoc analysis may indicate that patients
could benefit from longer time spans between prior bend-
amustine and cell therapy.

DISCUSSION

After nearly a 3-year follow-up (median, 35.6 months)
for patients in ZUMA-2, ORR with KTE-X19 in patients
with relapsed/refractory MCL remained consistently
high at 91% (68% CR). Responses were durable, with a
median DOR of 28.2 months; 37% of treated patients
had ongoing responses (all CR), and late relapse po-
tential was low, with only three patients relapsing past
24 months. Despite patients being predominantly high-
risk and heavily pretreated,22 the median OS was
46.6 months. Among MRD-assessable patients at
month 6, 79% were MRD-negative, with an ORR of
100%. Three of the MRD-assessable patients relapsed
around 6 months and all were MRD-positive, suggesting
that MRD monitoring past 6 months is important and
could facilitate the prediction of late relapse. In addition,
DOR, PFS, and OS were NR in patients with MRD
negativity at 6 months, suggesting that MRD negativity
may predict for a longer response duration, although
sample size was limited. Long-term safety was man-
ageable, with only 3% of AEs of interest occurring during
this longer follow-up, few late-onset events, and no new
CRS.

Response and OS benefits were favorable regardless of the
prior BTKi type. Ongoing efficacy trended lower in patients with
prior acalabrutinib exposure. Although small sample sizes limit
interpretation, the observed differences may reflect increased
CAR T-cell differentiation and sustained effector function with
ibrutinib.28,29 Themechanistic basis for this difference remains

under investigation and is hypothesized to be attributed to
ibrutinib-mediated Th2-cell suppression and polarization to-
ward Th1 phenotypes.29-31

Subgroups defined by MCL morphology, Ki-67 PI, TP53
mutation, or POD24 drew clinical benefit from KTE-X19, with
ongoing response rates generally comparable with the all-
treated population. Blastoid morphology is known to be an
important pretreatment risk determinant in MCL.32 Despite
relatively lower postinfusion CAR T-cell levels in patients with
blastoidMCL, themedianOSwas22.9months, which appears
to be favorable in the context of median OS reported in the
literature for this subgroup receiving other therapies (eg,
12.8 months with ibrutinib33 and 14.5 months with
chemotherapy13). Similarly, a 94% ORR and a 67% CR rate
were observed in patients with POD24 who typically have
poorer prognoses, despite lower CAR T-cell expansion and
higher proinflammatory cytokine levels, including IL-6 and
ferritin. A noteworthy limitation of these data is that many
subgroups evaluated contain low patient numbers and should
be considered exploratory. Further investigation is warranted,
but these preliminary findings suggest that KTE-X19 might
have the potential to providemeaningful benefit to patientswith
high-risk disease, including those with POD24, who have few
effective treatment options.

Bendamustine-containing treatments are a standard in MCL
management.4 In ZUMA-2, KTE-X19 was successfully man-
ufactured for 96% of patients and administered to 92%, of
whom 54% had received prior bendamustine.22 Here, 91% of
all-treated patients experienced objective response (68% with
CR), clearly demonstrating the clinical benefit of KTE-X19.
Although sample sizes were small in this exploratory analysis, a
poorer pharmacokinetic profile and reduced product doubling
timewith bendamustine usewithin 6months of apheresis were
observed. This observation is consistent with other analyses
suggesting attenuated T-cell fitness among patients with B-cell
hematologic malignancies, including MCL, after exposure to
bendamustine and rituximab.4,21,34 The impact on CAR T-cell
expansion was less pronounced with extended time between
bendamustine exposure and apheresis. Although the gener-
alizability of our analysis was limited by the small numbers of
patients and absence of cumulative bendamustine dose data,
our findings suggest that bendamustine use shortly before
leukapheresis requires careful consideration because of its
effects on patient T-cell fitness and potential impact on CAR
T-cell expansion. Although patients with prior bendamustine
had similar outcomes as the overall ZUMA-2 population, to
maximize the benefit of KTE-X19, a potentially curative ther-
apy, it may be advantageous to consider administering KTE-
X19 before or in place of bendamustine-containing treatments.
Further analyses are warranted to better elucidate the influ-
ence of bendamustine on cell therapy in relapsed/refractory
MCL.

KTE-X19 demonstrated a manageable toxicity profile with no
new safety signals in this long-term analysis. With longer
follow-up, AE rates markedly decreased; only 3% of all
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TABLE 2. Comparison of Efficacy and Safety Outcomes, Pharmacokinetics, Pharmacodynamics, and Product Attributes After 1:1 Propensity Score Matching of Patients With Prior Bendamustine Use
Within 6 Months or . 6 Months Versus No Use

Outcome or Measure

Benda Use £ 6 Months v No Benda Usea Benda Use > 6 Months v No Benda Useb

Benda Use £ 6 Months (n 5 11) No Benda Use (n 5 11) Benda Use > 6 Months (n 5 25) No Benda Use (n 5 25)

Efficacy, No. (%)

ORR 9 (81.8) 11 (100) 21 (84.0) 25 (100.0)

CR rate 6 (54.5) 9 (81.8) 15 (60.0) 20 (80.0)

Ongoing response at 18 months 2 (18.2) 4 (36.4) 8 (32.0) 13 (52.0)

Safety, No. (%)c

Grade $ 3 neurologic events 1 (9.1) 7 (63.6) 5 (20.0) 11 (44.0)

Grade $ 3 CRS 0 (0) 3 (27.3) 3 (12.0) 5 (20.0)

Pharmacokinetics, median (Q1, Q3)

Peak CAR T-cell levels, cells/mL 22.14 (15.53, 61.86) 167.23 (40.15, 440.65) 62.66 (15.60, 182.41) 129.29 (27.30, 267.10)

AUC, cells/mL 3 day 293.86 (224.40, 868.60) 2,090.42 (398.80, 3,803.58) 775.83 (202.76, 2,569.28) 1,725.29 (371.04, 4,087.57)

Doubling time, days 1.51 (1.34, 2.08) 1.28 (1.19, 1.33) 1.46 (1.28, 1.58) 1.31 (1.25, 1.50)

Pharmacodynamics, median (Q1, Q3)

Peak IFN-g, pg/mL 302.40 (153.70, 826.45) 571.00 (144.70, 1,608.50) 408.21 (140.50, 1,335.40) 800.00 (411.20, 1,876.00)

Peak granzyme B, pg/mL 20.90 (10.85, 65.05) 38.90 (10.20, 96.85) 31.70 (1.00, 71.60) 43.90 (33.40, 102.30)

Peak IL-10, pg/mL 5.50 (2.05, 15.55) 6.60 (3.50, 29.35) 16.40 (5.40, 43.43) 31.30 (6.60, 70.90)

Product attributes, median (Q1, Q3)

No. of CD4 cells 79.93 (69.18, 99.87) 120.74 (87.16, 130.59) 106.72 (72.86, 136.55) 125.95 (89.77, 161.67)

No. of CD8 cells 192.00 (110.59, 236.72) 133.13 (121.25, 155.02) 153.83 (131.36, 191.50) 156.94 (125.80, 198.30)

No. of naive (CCR71CD45RA1) T cells 51.34 (34.66, 89.89) 45.12 (29.35, 119.97) 59.40 (43.43, 96.88) 55.67 (34.44, 136.28)

Peak IFN-g in coculture, pg/mL 4,404.00 (2,240.50, 6,574.50) 7,120.00 (4,995.00, 9,474.00) 6,333.00 (3,509.00, 9,082.00) 6,947.00 (4,512.00, 8,941.00)

Abbreviations: AUC, area under the curve from baseline (day 0) to day 28; benda, bendamustine; CAR, chimeric antigen receptor; CCR7, C-C chemokine receptor type 7; CR, complete response; CRS,
cytokine release syndrome; IFN, interferon; IL, interleukin; ORR, objective response rate; Q1, first quartile; Q3, third quartile.

aBenda use within 6 months required an exact statement for the number of prior chemotherapy treatments to achieve balance. No caliper was used.
bBenda use . 6 months required a caliper of 2.5 on baseline tumor burden to achieve balance.
cAdverse events, including neurologic events, were graded per the National Cancer Institute’s Common Terminology Criteria for Adverse Events version 4.03. CRS was graded per the Lee criteria.36
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treatment-emergent AEs of interest reported in ZUMA-2 oc-
curred since the previous report.22 The three new fatal AEs
(one salmonella bacteremia and two secondary malignancies

[myelodysplastic syndrome and acute myeloid leukemia])
occurred . 2 years after KTE-X19 infusion and were not
considered KTE-X19–related. The observation of the KTE-
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X19–related infectious events of pneumonia and upper re-
spiratory tract infection in one patient and influenza in another
patient (all grade 3) may be reflective of compromised im-
munity in the study population related to B-cell aplasia and
previous therapies.

CAR T-cell levels persisted at varying levels through long-
term follow-up, and this persistence was coupled with
B-cell recovery in most patients. At 24 months, CAR
T cells were detectable in 11 of the 25 ongoing re-
sponders (44%), supporting previous reports that long-

term persistence of functional CAR T cells is not required
for durable responses.22,35

In summary, these longer-term ZUMA-2 data demonstrate
that a single infusion of KTE-X19 resulted in high rates of
durable responses in relapsed/refractory MCL across pa-
tients with high-risk disease characteristics, with man-
ageable long-term safety. Collectively, these findings
confirm the durable benefits of KTE-X19 and support future
investigations of CD19-directed CAR T-cell therapy in pa-
tients with high-risk MCL in earlier treatment lines.

AFFILIATIONS
1The University of Texas MD Anderson Cancer Center, Houston, TX
2Banner MD Anderson Cancer Center, Gilbert, AZ
3John Theurer Cancer Center, Hackensack University, Hackensack, NJ
4Moffitt Cancer Center, Tampa, FL
5Dana-Farber Cancer Institute, Boston, MA
6Cleveland Clinic Foundation, Cleveland, OH
7David Geffen School of Medicine at UCLA, Los Angeles, CA
8Texas Oncology, Dallas, TX
9The Ohio State University Comprehensive Cancer Center, Columbus, OH
10Sarah CannonResearch Institute and Tennessee Oncology, Nashville, TN
11Colorado Blood Cancer Institute, Denver, CO
12Stanford University School of Medicine, Stanford, CA
13Swedish Cancer Institute, Seattle, WA
14AmsterdamUMC, University of Amsterdam, Cancer Center Amsterdam,
the Netherlands, on behalf of HOVON/LLPC
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