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ABSTRACT

Introduction: Patients with relapsed/refractory
(R/R) mantle cell lymphoma (MCL) often
require multiple lines of treatment and have a
poor prognosis, particularly after failing

covalent Bruton tyrosine kinase inhibitor
(cBTKi) therapy. Newer treatments such as
brexucabtagene autoleucel (brexu-cel, chimeric
antigen receptor T cell therapy) and pirtobruti-
nib (non-covalent BTKi) show promise in
improving outcomes.
Methods: Without direct comparative evidence,
an unanchored matching-adjusted indirect com-
parison was conducted to estimate the relative
treatment effects of brexu-cel and pirtobrutinib
for post-cBTKi R/R MCL. Using logistic propensity
score models, individual patient-level data from
ZUMA-2 brexu-cel-infused population (N = 68)
were weighted to match pre-specified clinically
relevant prognostic factors based on study-level
data from the BRUIN cBTKi pre-treated cohort
(N = 90). The base-case model incorporated the
five most pertinent factors reported in C 50% of
both trial populations: morphology, MCL Inter-
national Prognostic Index, number of prior lines
of therapy, disease stage, and prior autologous
stem cell transplant. A sensitivity analysis addi-
tionally incorporated TP53 mutation and Ki-67
proliferation. Relative treatment effects were
expressed as odds ratios (ORs) or hazard ratios
(HRs) with 95% confidence intervals (CIs).
Results: In the base-case model, brexu-cel was
associated with higher rates of objective
response (OR 10.39 [95% CI 2.81–38.46]) and
complete response (OR 10.11 [95% CI
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4.26–24.00]), and improved progression-free
survival (HR 0.44 [95% CI 0.25–0.75]), com-
pared to pirtobrutinib. Overall survival and
duration of response favored brexu-cel over
pirtobrutinib but the differences crossed the
bounds for statistical significance. Findings
were consistent across the adjusted and unad-
justed analyses.
Conclusions: Findings suggest that brexu-cel
may offer clinically and statistically significant
benefits regarding objective response, complete
response, and progression-free survival compared
to pirtobrutinib among patients with R/R MCL
after prior cBTKi therapy. Given the short follow-
up and high degree of censoring in BRUIN, an
analysis incorporating updated BRUIN data may
provide more definitive overall survival results.

Keywords: Brexucabtagene autoleucel; Brexu-
cel; Bruton tyrosine kinase inhibitor; CAR T cell
therapy; KTE-X19; MAIC; Matching-adjusted
indirect comparison; Mantle cell lymphoma;
Non-Hodgkin lymphoma; Pirtobrutinib

Key Summary Points

Why carry out this study?

Historical non-comparative and/or
observational studies suggest poor
outcomes among patients with relapsed/
refractory (R/R) mantle cell lymphoma
(MCL) who previously failed treatment
with a covalent Bruton tyrosine kinase
inhibitor (cBTKi), i.e., ibrutinib and
acalabrutinib.

Brexucabtagene autoleucel (brexu-cel) and
pirtobrutinib are approved treatments
associated with improved clinical
outcomes among patients with R/R MCL
in the post-cBTKi setting; the comparative
efficacy of these therapies has not been
evaluated in a head-to-head trial and,
therefore, an unanchored matching-
adjusted indirect comparison was
conducted to estimate the relative efficacy
of brexu-cel and pirtobrutinib in this
population using data from the ZUMA-2
and BRUIN single-arm trials, respectively.

What was learned from the study?

Compared to pirtobrutinib, brexu-cel was
associated with statistically significant
higher odds of objective response and
complete response as well as improved
progression-free survival.

In terms of duration of response and
overall survival, the point estimates
trended in favor of brexu-cel over
pirtobrutinib, although treatment
differences were not statistically
significant; it is important to highlight
that the comparisons of overall survival
were likely influenced by differences in
median follow-up time (47.5 months in
ZUMA-2 and 23.5 months in BRUIN) and
that a more reliable treatment effect could
be possible with longer-term BRUIN data.

These results provide valuable insights
that may help inform treatment decisions
for patients with R/R MCL who have
previously received cBTKi therapy; an
update to the analysis would be of interest
when more mature overall survival data
from BRUIN becomes available.

INTRODUCTION

Mantle cell lymphoma (MCL) is a rare hemato-
logic B cell malignancy that represents less than
10% of all cases of non-Hodgkin lymphoma
(NHL) [1]. Response rates to initial therapy are
generally high [2]; however, almost all patients
eventually experience disease relapse and
require multiple lines of therapy [3–5]. Limited
published data from retrospective, non-com-
parative, observational and real-world evidence
indicate that outcomes are particularly poor
among patients with relapsed/refractory (R/R)
MCL who experience disease relapse after
treatment with a covalent Bruton tyrosine
kinase inhibitor (cBTKi). In this population,
median overall survival (OS) was reported to
range from 5.8 to 12.5 months with
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conventional subsequent treatment [6–10]. As
such, until recently, there remained a high
unmet need for novel treatment options for
patients with R/R MCL in the post-cBTKi
setting.

Over the last few years, the treatment land-
scape for R/R MCL evolved substantially with
the introduction of brexucabtagene autoleucel
(brexu-cel; KTE-X19), an autologous anti-CD19
chimeric antigen receptor (CAR) T cell therapy.
On the basis of positive results of the phase 2
ZUMA-2 clinical trial [11, 12], brexu-cel was first
approved in July 2020 by the US Food and Drug
Administration (FDA) for the treatment of R/R
MCL [13]. Subsequently in December 2020,
brexu-cel was approved by the European
Medicines Agency for treatment of R/R MCL
after two or more lines of systemic therapy,
including a cBTKi [14]. In January 2023, the
FDA granted accelerated approval of another
novel treatment option, the third-generation
non-covalent BTKi pirtobrutinib, on the basis of
results of the phase 1/2 BRUIN trial [15]. Similar
to the European indication for brexu-cel, pirto-
brutinib is approved by the FDA for the treat-
ment of R/R MCL after at least two lines of
systemic therapy which included a BTKi [16].
Pirtobrutinib also received a conditional market
authorization for the treatment of R/R MCL
post-BTKi from the European Committee for
Medicinal Products for Human Use in October
of 2023 [17].

Understanding the relative efficacy of avail-
able treatment options is a key component of
clinical decision-making. To date, the compar-
ative effects of brexu-cel and pirtobrutinib have
not been evaluated in a head-to-head random-
ized controlled trial. Therefore, the objective of
this study was to estimate the relative efficacy of
these therapies in the post-cBTKi setting of R/R
MCL via an unanchored matching-adjusted
indirect comparison (MAIC).

METHODS

Data Sources

Two single-arm clinical trials were considered
relevant for the indirect comparison: ZUMA-2

and BRUIN. Study details have been previously
published and described briefly below. Com-
parison of key trial eligibility criteria in ZUMA-2
and BRUIN can be found in the supplementary
appendix Table S1.

Evidence for Brexu-cel
For brexu-cel, individual patient-level data were
available from the ZUMA-2 trial
(NCT02601313) [11, 12]. In brief, ZUMA-2 is an
ongoing, single-arm, multicenter, phase 2 trial
in adult patients at least 18 years of age with
histologically confirmed MCL that is R/R to up
to five prior regimens including (1) an anthra-
cycline-containing or bendamustine-contain-
ing chemotherapy, (2) an anti-CD20
monoclonal antibody, and (3) a BTKi therapy.
The intention-to-treat population (ITT, N = 74)
included all enrolled/leukapheresed patients, of
whom six underwent leukapheresis but did not
receive brexu-cel infusion. The modified ITT
population (mITT, N = 68), the primary focus of
this study, included all patients who received
brexu-cel infusion at a target dose of 2 9 106

anti-CD19 CAR T cells/kg. The latest data cutoff
date for objective response rate (ORR), complete
response (CR) rate, duration of response (DOR),
and progression-free survival (PFS) as assessed
by an independent radiologic review commit-
tee, per Lugano 2014 criteria [18], was July 24,
2021 (median potential follow-up time from
brexu-cel infusion of 35.6 months) [12], while
longer-term data for OS were available from the
July 23, 2022 cutoff date (median follow-up
time 47.5 months).

Evidence for Pirtobrutinib
BRUIN (NCT03740529) is an ongoing, multi-
center, open-label, phase 1/2 study of pirtobru-
tinib in adult patients aged at least 18 years with
NHL and who had received at least two previous
lines of therapy, irrespective of prior cBTKi use
[15, 19–21]. As of the data cutoff date of July 29,
2022, a total of 166 patients with MCL were
enrolled. Published aggregate data from BRUIN
pertaining to the cBTKi pretreated patients with
MCL (N = 90 in the primary efficacy cohort)
were identified and used for the current analy-
sis. Reported efficacy outcomes of interest were
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ORR, CR, DOR, and PFS as assessed by an inde-
pendent review committee, per Lugano 2014
criteria [18], as well as OS (median OS follow-up
time 23.5 months). The primary efficacy cohort
(hereafter referred simply as the BRUIN popu-
lation) comprised more than 90% of responders
to be followed for a least 9 months from onset
of initial response to the data cutoff date and
included patients enrolled to either the phase 1
dose-escalation portion (25 mg to 300 mg once
daily) or phase 2 dose-expansion portion
(200 mg once daily) of the trial, with 85.6% of
patients (N = 77/90) receiving at least one dose
of pirtobrutinib at 200 mg once daily.

Statistical Analysis

The relative treatment effects of brexu-cel and
pirtobrutinib were estimated by comparing data
from ZUMA-2 and BRUIN using both a pairwise
naı̈ve (unadjusted) approach and via a MAIC.
The MAIC aimed to reduce the bias in the
treatment effect estimates inherent in a naı̈ve
comparison by adjusting for differences in
patient characteristics between the trials. The
primary outcomes for analysis were ORR and CR
as assessed by an independent (radiologic)
review committee assessment, aligning with the
primary endpoints of ZUMA-2 and BRUIN.
Secondary outcomes of interest were PFS and
DOR, both assessed by an independent (radio-
logic) review committee, as well as OS. Out-
come definitions were comparable between
trials (see supplementary appendix Table S2).
The main analyses focused on the ZUMA-2
mITT population and scenario analyses were
based on the ZUMA-2 ITT population. Within
ZUMA-2, outcomes were measured from the
date of brexu-cel infusion for the mITT popu-
lation and from the date of trial enrollment for
the ITT population. Data for pirtobrutinib were
obtained from published reports of the BRUIN
trial and Kaplan–Meier (KM) curves for OS, PFS,
and DOR were digitized (DigitizeIt; http://www.
digitizeit.de/). The underlying individual sur-
vival and censoring times for these outcomes
were recreated from the extracted curves using a
commonly accepted estimation algorithm [22].

For the MAIC, a logistic propensity score
model was applied to estimate weights for the
individual patients in ZUMA-2, such that the
weighted mean of select baseline characteristics
matched those observed in the BRUIN popula-
tion. These weights were then applied to the
ZUMA-2 population prior to estimating relative
treatment effects. The degree of precision after
weighting was expressed with the effective
sample size statistic, which relates to the
amount of overlap in the distribution of the
covariates between the two trial populations
[23]. Prior to the MAIC, a comprehensive list of
baseline characteristics was ranked according to
their prognostic relevance in the R/R MCL
population by clinical experts in MCL. On the
basis of this pre-specified ranking and data
availability across both trials, the base-case
model incorporated the top five most pertinent
variables that were reported for at least 50% of
patients in both ZUMA-2 and BRUIN: blastoid
morphology, simplified MCL International
Prognostic Index (sMIPI; a prognostic stratifi-
cation tool specific to patients with advanced-
stage MCL), number of prior lines of therapy,
disease stage, and prior autologous stem cell
transplant (auto-SCT). The sMIPI score stratifies
patients into low, intermediate, and high-risk
groups based on four independent prognostic
factors (age, performance status, lactate dehy-
drogenase levels, and white blood cell counts);
therefore, the inclusion of sMIPI in the model
aimed to reduce the between-study differences
across all four individual components (includ-
ing lactate dehydrogenase levels and white
blood cell counts which were not reported in
BRUIN). A sensitivity analysis additionally
incorporated TP53 mutation status (which was
missing for approximately 50% of patients in
ZUMA-2 and 60% of patients in BRUIN) and Ki-
67 proliferation index status (missing for 62% of
patients in BRUIN), for a total of seven prog-
nostic variables. Several relevant prognostic
variables (i.e., response to prior cBTKi therapy,
response to last therapy, and duration on prior
BTKi therapy) could not be included in the
model as these were not reported in the BRUIN
trial.

For ORR and CR, relative treatment effects
were estimated using a logistic regression
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analysis applied to weighted ZUMA-2 individual
patient-level data and observed BRUIN aggre-
gate level data, with results expressed as odd
ratios (OR) along with 95% confidence intervals
(CIs). For OS, PFS, and DOR, a Cox proportional
hazards model was applied to weighted ZUMA-2
individual patient-level data and reconstructed
individual patient-level data from BRUIN with
results expressed as hazard ratios (HR) with
95% CIs. Note the proportional hazards
assumption was assessed visually using plots of
the log cumulative hazards and Schoenfeld
residuals as well as with the Grambsch and
Therneau test [24, 25].

The approach used for analysis was consis-
tent with the methodological guidance pro-
vided in the National Institute of Health and
Care Excellence Decision Support Unit Techni-
cal Support Document 18 [26]. In the MAIC,
robust estimators of variance were employed to
account for uncertainty in weighting. All anal-
yses were performed using R version 4.2.1
(http://www.r-project.org/), with the ‘survival’
package used for comparisons of time-to-event
outcomes.

Ethical Approval

Results presented in this article are based on a
retrospective analysis of data from published
studies, and therefore no institutional board
review was required. Review boards at partici-
pating institutions approved the ZUMA-2 and
BRUIN trials.

RESULTS

Study Populations

Prior to matching, ZUMA-2 and BRUIN study
populations were generally comparable at
baseline in terms of the proportion of patients
with more than three prior lines of therapy,
bone marrow involvement, and male sex. Rel-
ative to the BRUIN study population, the
ZUMA-2 study population had a higher pro-
portion of patients (more than 5% difference) in
each the following categories: blastoid

morphology, low-risk sMIPI, stage IV disease,
received prior auto-SCT, TP53 wild-type tumor,
Ki-67 C 30%, bulky disease, presence of extra-
nodal disease, and received ibrutinib as prior
cBTKi treatment (Table 1). Of note, TP53
mutation status was missing in 32/68 (47%)
ZUMA-2 mITT patients, 38/74 (51%) ZUMA-2
ITT patients, and 54/90 (60%) BRUIN patients.
Ki-67 proliferation index status was missing in
16/68 (24%) ZUMA-2 mITT patients, 22/74
(30%) ZUMA-2 ITT patients, and 56/90 (62%)
BRUIN patients. Proportions of patients with Ki-
67 proliferation and TP53 mutation used for
weighted analyses were estimated on the basis
of non-missing data.

After weights from the MAIC model were
applied, all prognostic variables considered in
the base case and sensitivity analysis were well
balanced between the ZUMA-2 mITT popula-
tion and the BRUIN population (Table 1). The
effective sample size of the ZUMA-2 mITT pop-
ulation after weighting was 39.1 for the base
case, a reduction of 42.5% of the original sam-
ple size. For the sensitivity analysis, the mITT
population after weighting was 16.5, a reduc-
tion of 75.8% from the original sample size; this
low effective sample size had an impact on the
precision of the estimates and resulted in wider
95% CI, and therefore results from the sensi-
tivity analysis should be interpreted with cau-
tion. Baseline characteristics for the ZUMA-2
ITT population before and after weighting as
well as the effective sample size after weighting
are provided in the Supplementary material
Table S3.

Comparison of Outcomes

Relative treatment effects of brexu-cel (ZUMA-2
mITT) versus pirtobrutinib from the naı̈ve
indirect comparison and MAIC are illustrated in
Fig. 1 for ORR and CR, and in Fig. 2 for DOR,
PFS, and OS (also see Supplementary material
Tables S4 and S5). Results were consistent
between the naı̈ve and adjusted comparisons.
The proportional hazards assumption did not
appear to be violated in any of the time-to-
event outcome comparisons, suggesting that
the estimated HRs for DOR, PFS, and OS of
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brexu-cel versus pirtobrutinib were constant
over time.

Primary Outcomes
The unadjusted ORR and CR rates were 91% and
68% respectively for brexu-cel compared to 57%
and 19% respectively for pirtobrutinib. After
weights from the base case model were applied,
the adjusted ORR and CR rates were 93% and
70% respectively for brexu-cel. Results from the

unadjusted and adjusted comparison suggested
that brexu-cel was more efficacious than pirto-
brutinib in terms of response rates with adjusted
ORs of 10.39 (95% CI 2.81–38.46; p\ 0.01) for
ORR and 10.11 (95% CI 4.26–24.00; p\ 0.01)
for CR. Similarly, estimates from the sensitivity
analysis which adjusted for seven prognostic
variables suggested brexu-cel to be more effica-
cious than pirtobrutinib in terms of achieving a
response with adjusted ORs of 18.95 (95% CI

Table 1 Baseline characteristics of ZUMA-2 (mITT population) before and after matching to BRUIN

Characteristic Observed
ZUMA-2 mITT
(N = 68)

BRUIN
(N = 90)

MAIC-adjusted ZUMA-2 mITT

Base-case modela

ESS = 39.1
Sensitivity analysisb

ESS = 16.5

ESS reduction (% of original sample size) – – 42.5 75.8

Morphology Blastoid 25 9 9 9

sMIPI High risk 14 22 22 22

Intermediate risk 44 56 56 56

Prior lines of therapy [ 3 37 34 34 34

Disease stage IV 85 78 78 78

Prior auto-SCT Yes 43 19 19 19

TP53 mutation Yes 17c 47c 18* 47

Ki-67 index C 30% 83 74d 82* 74

Bulky disease C 10 cm 10 3 11* 18*

Bone marrow involvement Yes 55 51 59* 70*

Extranodal disease Yes 56 39 56* 65*

Prior ibrutinib Yes 85 66 90* 91*

Sex Male 84 80 84* 89*

All values reported in percentages. Variables with an asterisk were not included in the indicated model
auto-SCT autologous stem cell transplant, ESS effective sample size, ITC indirect treatment comparison, MAIC matching-
adjusted indirect comparison, mITT modified intention-to-treat, sMIPI simplified Mantle Cell Lymphoma International
Prognostic Index
aIncluded five prognostic variables (blastoid morphology, sMIPI, number of prior lines of therapy, disease stage, and prior
auto-SCT)
bIncluded seven prognostic variables (blastoid morphology, sMIPI, number of prior lines of therapy, disease stage, prior auto-
SCT, TP53 mutation status, and Ki-67 proliferation index status)
cData missing for a high proportion of patients in both trials (47% of patients in ZUMA-2 and 60% of patients in BRUIN)
dData missing for a high proportion of patients in BRUIN (62% of patients)
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1.50–238.71; p = 0.02) for ORR and 15.01
(95% CI 4.20–53.70; p\ 0.01) for CR.

Secondary Outcomes
The relative treatment effect estimates obtained
from the naı̈ve comparison and MAIC for DOR
had point estimates which trended in favor of
brexu-cel when compared to pirtobrutinib, but

the 95% CI crossed the bounds for statistical
significance. The DOR KM curves for brexu-cel
before and after matching the ZUMA-2 mITT
population and the reconstructed DOR KM
curves from pirtobrutinib are shown in Fig. 3a
(see Fig. S1A for the sensitivity analysis). The
adjusted DOR HR was 0.60 (95% CI 0.31–1.17;
p = 0.13) in the base-case analysis and 0.59

Fig. 1 Odds ratios for ORR and CR for brexu-cel
(ZUMA-2 mITT) versus pirtobrutinib (BRUIN). Across
all comparisons, odds ratio estimates were statistically
significant at a 0.05 level, indicating that brexu-cel was
associated with higher odds of achieving ORR and CR

compared with pirtobrutinib. Dashed vertical line indicates
an odds ratio of 1. CI confidence interval, CR complete
response, MAIC matching-adjusted indirect comparison,
mITT modified intention-to-treat, ORR overall response
rate

Fig. 2 Hazard ratios for OS, PFS, and DOR for brexu-cel
(ZUMA-2 mITT) versus pirtobrutinib (BRUIN). For
PFS, hazard ratio estimates were statistically significant at a
0.05 level, indicating that brexu-cel improved PFS

compared with pirtobrutinib. CI confidence interval,
DOR duration of response, MAIC matching-adjusted
indirect comparison, mITT modified intention-to-treat,
OS overall survival, PFS progression-free survival

1944 Adv Ther (2024) 41:1938–1952



(95% CI 0.25–1.39; p = 0.23) in the sensitivity
analysis (Fig. 2).

The PFS KM curves for brexu-cel before and
after matching the ZUMA-2 mITT population
and the reconstructed PFS KM curves from pir-
tobrutinib are shown in Fig. 3b (see Supple-
mentary material Fig. S1B for the sensitivity
analysis). HR estimates obtained from both the
unadjusted and MAIC analyses suggested that
brexu-cel was associated with a significant
improvement in PFS compared to pirtobrutinib.
The adjusted HR obtained was 0.44 (95% CI
0.25–0.75; p\0.01) in the base-case analysis
and 0.41 (95% CI 0.20–0.85; p = 0.02) in the
sensitivity analysis (Fig. 2).

The OS KM curves for brexu-cel before and
after matching in the ZUMA-2 mITT population
and the reconstructed OS KM curves from pir-
tobrutinib are shown in Fig. 3c (see Supple-
mentary material Fig. S1C for the sensitivity
analysis). HR point estimates obtained from
both the naı̈ve comparison and MAIC trended
in favor of brexu-cel over pirtobrutinib, but the
confidence intervals crossed the bounds for
statistical significance. The adjusted HR
obtained was 0.61 (95% CI 0.34–1.10; p = 0.10)
in the base-case analysis and 0.50 (95% CI
0.23–1.11; p = 0.09) in the sensitivity analysis
(Fig. 2). OS rates at landmark time points (6-
month intervals) are reported in Table 2. The
24-month OS rate for ZUMA-2 mITT population
treated with brexu-cel in the base case analysis
was 73.5% compared to 47.7% in BRUIN MCL
population treated with pirtobrutinib.

Scenario Analysis
For the scenario using the ZUMA-2 ITT popu-
lation, findings were consistent with those
observed in the main analysis using the ZUMA-
2 mITT population for all outcomes (Supple-
mentary material Tables S6, S7, Figs. S4 and S5).
Brexu-cel was associated with statistically sig-
nificant benefits in ORR, CR, and PFS compared
to pirtobrutinib on the basis of both the base-
case and sensitivity analysis models. Although
point estimates continued to trend in favor of
brexu-cel for DOR and OS, statistical signifi-
cance was not met.

DISCUSSION

In the pre-CAR T cell therapy era, the prognosis
of patients with R/R MCL who discontinued
cBTKi therapy as a result of disease progression
or intolerance was poor following treatment
with conventional subsequent therapies. Use of
these non-curative interventions aimed to pal-
liate and prolong survival, though median OS
typically remained around 1 year or less in the
post-BTKi setting [10, 27, 28]. Advancements in
treatment options such as CAR T cell therapy
and non-covalent BTKi therapy have substan-
tially improved patient outcomes. In the
ZUMA-2 trial evaluating patients with MCL
who failed prior BTKi, brexu-cel therapy for the
mITT cohort was associated with a median OS
of 46.4 months (95% CI 24.9–58.7) at 4-year
follow-up. At 2-year follow-up in the BRUIN
trial evaluating patients with MCL who failed or
were intolerant to prior BTKi, median OS was
23.5 months (95% CI 15.9–NE) in the post-
cBTKi therapy patient cohort [20]. Given the
therapeutic needs experienced by patients with
R/R MCL post-cBTKi therapy and the potential
benefits in clinical outcomes associated with
these new treatment options, it is important to
understand their relative clinical efficacy.

In the absence of direct comparative evi-
dence, this study presents an indirect compar-
ison of the treatment effects of brexu-cel and
pirtobrutinib using MAIC methodology to
adjust for study-level differences between the
ZUMA-2 and BRUIN single-arm trials where
possible. In the base-case MAIC, the odds of
ORR and CR were significantly better for brexu-
cel-infused patients than those treated with

cFig. 3 Base-case MAICs of brexu-cel (ZUMA-2 mITT)
and pirtobrutinib (BRUIN) for a DOR, b PFS, and c OS.
For ZUMA-2, the Kaplan–Meier curves were based on
individual patient data whereas for BRUIN, published
Kaplan–Meier curves for BRUIN were digitized and
individual patient data were reconstructed using the Guyot
et al. 2012 algorithm. Tick marks (?) indicate data
censoring. CI confidence interval, DOR duration of
response, ESS effective sample size, MAIC matching-
adjusted indirect comparison, mITT modified intention-
to-treat, OS overall survival, PFS progression-free survival
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pirtobrutinib therapy. Brexu-cel was also asso-
ciated with significant improvements in PFS
compared to pirtobrutinib. Although HR point
estimates trended in favor of brexu-cel regard-
ing DOR and OS, differences in both outcomes
crossed the boundary for statistical significance.
DOR among patients achieving a CR (n = 46
[67.6%] complete responders in ZUMA-2 vs
n = 17 [18.9%] complete responders in BRUIN)
or duration of CR was not included for analysis
as data were not reported in BRUIN. It is
important to highlight the relatively shorter
median follow-up for OS in BRUIN
(23.5 months in BRUIN versus 47.5 months in
ZUMA-2). As an MAIC cannot be considered
equivalent to a randomized controlled study,
the ability to detect statistically significant dif-
ferences for outcomes with low starting sample
sizes and small number of events is limited. As
such, given the high degree of censoring in
BRUIN, an updated analysis incorporating
longer follow-up data containing more events
from BRUIN could provide more reliable treat-
ment effect estimates. Note, outcomes for a
larger sample of patients from BRUIN than used
for this analysis were recently presented at ASH;
however, the median follow-up was only
14.7 months [21].

Treatment with CAR T cell therapy involves
a multistep process that begins with

leukapheresis to obtain leukocytes for the
manufacturing of brexu-cel. Although under-
standing treatment efficacy among patients
who received brexu-cel infusion (the mITT
population) is important, it is similarly critical
to understand efficacy among those who initi-
ate leukapheresis (the ITT population) as hazard
rates in the pre-infusion period may not be
comparable between the mITT and ITT popu-
lations. A total of six patients who underwent
leukapheresis did not received infusion (n = 3
deaths, n = 1 full consent withdrawal, n = 1
adverse event, and n = 1 not meeting inclusion
criteria for infusion). Findings from the main
analysis (based on ZUMA-2 mITT population)
and scenario analysis (based on ZUMA-2 ITT
population) were consistent, suggesting that the
results were not sensitive to which ZUMA-2
population sets were used for analysis. In addi-
tion, subgroup analyses restricted to BRUIN
patients (85.6%) who received the recom-
mended phase 2 pirtobrutinib dose of 200 mg at
study start were not performed as subgroup data
by treatment dose were not reported in BRUIN.

Considered collectively, the results of the
MAIC provide important insights to clinical
decision makers when determining the optimal
approach to management of R/R MCL post-
cBTKi therapy. Efficacy and toxicity outcomes
in real-world settings identified from a

Table 2 Overall survival rates of brexu-cel (ZUMA-2 mITT population) and pirtobrutinib at landmark time-points

Time-
points

Overall survival rate, % (95% CI)

ZUMA-2 mITT
unadjusted

ZUMA-2 mITT base
case

ZUMA-2 mITT sensitivity
analysis

BRUINa

Month 6 86.4 (76.4–97.6) 87.4 (73.5–100) 85.3 (77.3–94.1) 84.7 (77.3–92.7)

Month 12 85.3 (75.3–96.6) 86.3 (72.3–100) 80.9 (72.1–90.8) 69.1 (59.7–80.0)

Month 18 75.3 (63.2–89.6) 80.7 (65.7–99.3) 73.5 (63.8–84.8) 58.9 (48.7–71.2)

Month 24 68.3 (55.6–84.0) 73.5 (57.4–94.2) 63.2 (52.8–75.8) 47.7 (36.6–62.2)

Month 30 63.9 (50.7–80.7) 71.8 (55.5–92.9) 60.3 (49.7–73.1) 47.7 (36.6–62.2)

Month 36 59.8 (46.3–77.4) 63.3 (44.7–89.6) 58.8 (48.2–71.8) 47.7 (36.6–62.2)

CI confidence interval, mITT modified intention-to-treat
aOverall survival Kaplan–Meier curve for BRUIN were digitized and individual patient data were reconstructed using the
Guyot et al. 2012 algorithm. Overall survival rates for BRUIN were estimated from the reconstructed Kaplan–Meier curve
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systematic literature review and the US Lym-
phoma CAR T Consortium reported findings
that are consistent with those of ZUMA-2
[28–33]. In an adjusted comparison using
inverse probability weighting between ZUMA-2
and SCHOLAR-2, brexu-cel was associated with
improved OS compared to non-CAR T cell
standard of care (HR 0.38, 95% CI 0.23–0.61)
[34]. Efficacy of CAR T cell therapy should be
considered alongside potential class-specific
toxicities, such as immunologic effector cell-
associated cytokine release syndrome and neu-
rotoxicity, among other potential constraints to
successful CAR T cell therapy [35]. To our
knowledge, pirtobrutinib has yet to be evalu-
ated in the real-world setting; however, the
therapy is currently undergoing phase 3 evalu-
ation in the cBTKi-naive setting of MCL, with
comparison to ibrutinib, acalabrutinib, or
zanubrutinib (BRUIN MCL-321 trial;
NCT04662255). The findings of this trial will
provide further information relevant for clinical
treatment decision-making for R/R cBTKi-trea-
ted MCL.

Although outside the scope of the current
study, the impact of brexu-cel and pirtobrutinib
on health-related quality of life and economic
outcomes is also of interest from a decision-
making perspective. Such analyses would
therefore be of value in the future should suffi-
ciently detailed data be made available to facil-
itate them. In addition, efficacy of CAR T cell
therapy should be considered alongside poten-
tial class-specific toxicities, such as immuno-
logic effector cell-associated cytokine release
syndrome and neurotoxicity, among other
potential constraints to successful CAR T cell
therapy. In ZUMA-2, 14.7% of patients experi-
enced grade C 3 cytokine release syndrome,
30.9% of patients experienced grade C 3 neu-
rological events, and 85.3% of patients experi-
enced neutropenia while grade C 3 adverse
events were less frequent with pirtobrutinib in
BRUIN, with infections (17.1%) and neutrope-
nia (13.4%) being the most frequent grade C 3
adverse events.

Limitations

Some potential limitations that may influence
the findings of this study should be recognized.
In general, analysis of data from single-arm or
non-comparative studies is associated with
uncertainty regarding any unknown or
unmeasured prognostic factors and effect mod-
ifiers that are not included in the model. As
such, although every effort was taken to ensure
a robust approach to prognostic factor selection,
the possibility of residual confounding variables
cannot be ruled out. Similarly, in the absence of
individual patient-level data for the BRUIN trial,
it was challenging to quantify the extent of
residual bias in the treatment effect estimates;
therefore, some confounding variables may
remain unbalanced. Per clinician input, TP53
mutation status, Ki-67 proliferation index,
response to prior cBTKi, response to last ther-
apy, and duration on prior cBTKi therapy were
identified as covariates of high importance.
However, given data availability, these variables
could not be evaluated in the base-case analysis
and only TP53 mutation status and Ki-67 pro-
liferation index C 30% were explored in a sen-
sitivity analysis.

It is also important to highlight that other
observed differences between the two phase 2
trials could not be adjusted for in the MAIC.
Mostly notably, reasons for prior BTKi discon-
tinuation varied across trials. While 95.6% of
patients in ZUMA-2 had previously discontin-
ued BTKi as a result of disease progression and
4.4% because of adverse events, 82.2% of BRUIN
patients had discontinued prior BTKi to disease
progression, with the remaining discontinuing
as a result of intolerance/toxicity (13.3%) or
other reasons (4.4%) without disease progres-
sion [36]. As patients who discontinued BTKi as
a result of intolerance may be associated with
better clinical outcomes than those who dis-
continued because of progression, the treat-
ment effect estimates from the current analyses
are considered conservative [36, 37]. Addition-
ally, differences in subsequent therapy between
the two trials may also impact OS results as 17
(18.9%) of patients in BRUIN went on to receive
subsequent CAR T cell therapy after pirtobruti-
nib. In the BRUIN trial, 4.4% of patients
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received prior allogeneic stem cell transplant
and 4.4% received prior CAR T cell therapy; in
ZUMA-2, such patients were ineligible for
enrollment. Previous SCT and CAR T cell ther-
apy are unknown prognostic factors in the R/R
MCL, post-BTKi setting. Still, given the small
numbers of such patients in this study, it is
unlikely that treatment effect estimates were
impacted. Other discrepancies in the patient
selection criteria that may have introduced bias
into the trial comparisons were the exclusion of
patients with possible need for urgent onco-
logical therapy in ZUMA-2 which was not
mentioned as an exclusion criterion in BRUIN,
inclusion criteria of Eastern Cooperative
Oncology Group performance status score of
0–1 in ZUMA-2 compared to 0–2 in BRUIN
(although only one patient with a score of 2 was
enrolled), inclusion criteria of creatine clear-
ance being C 60 cc/min in ZUMA-2 and
C 30 mL/min in BRUIN, exclusion of patients
with atrial fibrillation in ZUMA-2 but not in
BRUIN, and exclusion criteria of patients with
history of clinically significant cardiac disease
within 12 months in ZUMA-2 versus within
6 months in BRUIN.

CONCLUSION

The results of naı̈ve and MAIC analyses suggest
that brexu-cel is more efficacious for ORR, CR,
and PFS than pirtobrutinib in the treatment of
R/R MCL post-cBTKi therapy, providing clinical
benefits for these patients. The differences in OS
and DOR crossed the bounds for statistical sig-
nificance although point estimates trended in
favor of brexu-cel. The consistency across these
analyses and high concordance in sensitivity
analyses provide compelling evidence for the
validity and robustness of the findings. Given
the need for model assumptions, limitations
related to covariate adjustment, and the rela-
tively modest size of the trial cohorts, some
caution should be used in interpreting the
results. Still, the outcomes suggest that brexu-
cel remains an important standard treatment
option and may be the preferred therapy for
patients with R/R MCL who have previously
received cBTKi therapy.
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